Modelling ciliopathies in the zebrafish: elucidating the role of CC2D2A and TALPID3 in photoreceptor development and function by Ojeda Naharros, Irene








Modelling ciliopathies in the zebrafish: elucidating the role of CC2D2A and
TALPID3 in photoreceptor development and function
Ojeda Naharros, Irene





Ojeda Naharros, Irene. Modelling ciliopathies in the zebrafish: elucidating the role of CC2D2A and
TALPID3 in photoreceptor development and function. 2017, University of Zurich, Faculty of Science.
Modelling Ciliopathies in the Zebrafish:
eluCidating the role of CC2d2a and talpid3 in 
photoreCeptor developMent and funCtion
Dissertation
zur











  Prof. Dr. Stephan NEUHAUSS (Vorsitz)
  Prof. Dr. Ruxandra BACHMANN-GAGESCU
  Prof. Dr. Esther STOECKLI
  Prof. Dr. Ronald ROEPMAN
Zürich, 2017

«I don´t know anything, but I do know that everything is interesting if  you go into it deeply enough»
Richard Feynman





Ciliopathies are a group of  human disorders caused by primary cilium 
dysfunction and unified by a wide array of  overlapping phenotypes: cystic 
kidney disease, central nervous system (CNS) malformations and retinal 
degeneration among others. Primary cilia are crucial ubiquitous organe-
lles consisting of  a centriole-derived basal body (BB), a microtubule-based 
axoneme and a specialized membrane that harbors proteins required for 
signal detection. Indeed, the main function of  primary cilia is detection 
and transduction of  signals critical for embryonic development and adult 
tissue homeostasis, including important morphogens such as Hedgehog 
(Hh) or environmental stimuli such as light. Given their role at the crux of  
multiple biological and developmental processes, the study of  primary cilia 
has broad implications for our understanding of  cell biology, embryonic 
development and human disease.
Joubert syndrome (JBTS) is a canonical ciliopathy, characterized by a pa-
thognomonic cerebellar malformation, the Molar Tooth Sign (MTS), with 
variable association of  additional ciliopathy phenotypes including retinal 
disease. Retinal photoreceptors are highly polarized sensory neurons with 
a modified primary cilium called the outer segment (OS), which contains 
the opsin-photopigment responsible for light detection. Opsin enrichment 
in the OS was thought to be enabled by polarized vesicle trafficking contro-
lled by the small GTPase Rab8, a model that has been recently questioned.
JBTS displays prominent genetic heterogeneity as mutations in >30 di-
fferent genes, including CC2D2A and TALPID3/KIAA0586, can cause this 
disorder. Most of  the protein products of  JBTS genes localize in functio-
nal networks at the transition zone (TZ) (CC2D2A) or the BB (TALPID3). 
The TZ has been proposed to act as a gatekeeper, controlling the protein 
content of  the ciliary membrane, while the BB is thought to be responsi-
ble for extending the cilium, serving as a microtubule organizing center 
(MTOC) and possibly participating in sorting of  incoming cargo destined 
to the ciliary compartment. The link between cytoplasmic polarized vesicle 
transport, the TZ and the BB has been unexplored to date. 
In my thesis, I have used the unique advantages offered by the zebrafish 
model to investigate the function and disease mechanisms of  JBTS proteins 
Cc2d2a and Talpid3 in the retina. 
Focusing on a cc2d2a zebrafish mutant, I identified a role for Cc2d2a as a 
periciliary membrane organizer, demonstrating a link between polarized 
vesicle trafficking and the TZ (chapter 2). My results support a model whe-
reby Cc2d2a controls localization of  vesicle fusion machinery components 
such as t-SNAREs and provides a docking point for opsin-carrier incoming 
vesicles. This work relied in part on a novel imaging technology called Co-
rrelative Light and Electron Microscopy (CLEM), that I adapted to the 
zebrafish system (chapter 3), which allows precise localization of  proteins at 
the ultrastructural level without the limitations encountered with immuno-
gold staining. An additional strength of  this project lies in live imaging of  
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fluorescently-tagged Rab8 proteins, which provides the very first charac-
terization of  Rab8 trafficking in photoreceptors in a whole tissue context. 
My results support for a role for Rab8 in opsin trafficking, a key finding in 
the current controversy about Rab8 function.
KIAA0586/TALPID3 (TA3) is a novel ciliopathy protein required for cilio-
genesis in various model organisms through a Rab8-dependent role in BB 
docking. The requirement during ciliogenesis precluded the investigation 
of  potential additional roles for Ta3 in ciliary function in other models. In 
this project (chapter 4), I analyze the role of  Ta3 in retinal photoreceptors 
of  zygotic ta3-/- zebrafish mutants, in which maternally-derived Ta3 contri-
bution partially rescues ciliogenesis. My results confirm the role of  Ta3 in 
BB docking and suggest in addition a Rab8-independent role in cell-shape 
maintenance, possibly linked to the MTOC function of  the BB. 
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Zusammenfassung
Ciliopathien sind eine Gruppe von Erkrankungen im Menschen, die durch 
Dysfunktion von primären Cilien ausgelöst werden, und durch eine Reihe 
an gemeinsamen Phänotypen verbunden sind. Dazu zählen die Zysten-
niere, Fehlbildungen des zentralen Nervensystems und Degeneration der 
Retina. Bei primären Cilien handelt es sich um äusserst wichtige ubiqui-
täre Organellen, die aus einem Centriol-basierten Basalkörperchen (BK), 
einem Mikrotubuli-basierten Axonem und einer spezialisierten Membran, 
welche signaldetektierende Proteine trägt, bestehen. Tatsächlich ist es die 
Hauptfunktion von primären Cilien, kritische Signale für die Embryona-
lentwicklung und für die Homöostase von adulten Geweben zu detektieren 
und weiterzuleiten. So werden etwa wichtige Morphogene wie Hedgehog 
(Hh) oder Umgebungs-Stimuli wie Licht durch Cilien detektiert. Da Ci-
lien eine essentielle Rolle in einer Vielzahl von (entwicklungs-)biologischen 
Prozessen spielen, hat die Untersuchung dieser Organellen weitreichende 
Auswirkungen auf  unser Wissen über Zellbiologie, Embryonalentwicklung 
und Erkrankungen im Menschen.
Das Joubert Syndrom (JBTS) ist eine kanonische Ciliopathie, welche durch 
eine pathogene, als Molar Tooth Sign (MTS) bezeichnete, Fehlbildung des 
Cerebellums und zusätzliche variierende Ciliopathie-Phänotypen, etwa Er-
krankungen der Retina, charakterisiert ist. Die Photorezeptoren der Retina 
sind sensorische Neuronen mit ausgeprägter Polarisierung. Sie tragen ein 
modifiziertes primäres Cilium, welches als Aussensegment (AS) bezeichnet 
wird und das für die Lichtdetektion verantwortliche Photopigment Opsin 
trägt. Es wurde angenommen, dass die Anreicherung von Opsin im AS 
über den polarisierten und  durch die GTPase Rab8 regulierten Transport 
von Vesikeln erfolgt. Jedoch wurde dieses Modell kürzlich in Frage gestellt.
JBTS kann durch Mutationen in über 30 Genen, darunter  CC2D2A und 
TALPID3/KIAA0586, verursacht werden und ist daher genetisch äusserst 
heterogen. Ein Grossteil der von JBTS Genen codierten Proteine sind en-
tweder in funktionellen Proteinnetzwerken an der Transitionszone (TZ; 
CC2D2A), oder am BK (TALPID3/KIAA0586) lokalisiert. Es wird spe-
kuliert, dass die TZ ähnlich einem Schrankenwärter wirkt, und somit das 
Proteinrepertoire der ciliären Membran kontrolliert. Das BK ist hingegen 
wahrscheinlich für das Wachstum des Ciliums verantwortlich ist, indem er 
als Zentrum für die Organisation von Mikrotubuli (ZOMT) funktioniert, 
und möglicherweise auch am Sortieren von Molekülen, welche für den 
Transport in das ciliäre Kompartiment bestimmt sind, beteiligt ist. Der 
Zusammenhang zwischen cytoplasmischem polarisierten Vesikeltransport, 
der TZ und dem BK ist bis zum heutigen Zeitpunkt unerforscht.
In meiner Arbeit machte ich mir die einzigartigen Vorteile des Modellor-
ganismus Zebrafisch zunutze, um die Funktionen und die krankheitsaus-
lösenden Mechanismen der JBTS Proteine Cc2d2a und Talpid3 in der 
Retina zu untersuchen.
Indem ich cc2d2a-mutante Zebrafisch untersuchte, konnte ich eine Funk-
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tion von Cc2d2a als Organisator der periciliären Membran identifizieren, 
was ein Zusammenspiel von polarisiertem Vesikeltransport und der TZ 
offenlegt (Kapitel 2). Diese Resultate unterstützen ein Modell, in welchem 
Cc2d2a die Lokalisierung von Komponenten der Vesikel-Fusionsmaschi-
nerie, wie etwa t-SNAREs, kontrolliert, und eine Andockstelle für Op-
sin-beladene Transportvesikel bietet. Dieser Teil der Arbeit beruht zum 
Teil auf  einem neuartigen Bildgebungsverfahren für korrelative Licht- und 
Elektronenmikroskopie, welches ich für den Modellorganismuss Zebrafisch 
adaptierte (Kapitel 3). Diese Methode ermöglicht die genaue Lokalisierung 
von Proteinen auf  ultrastrukureller Ebene, ohne dabei auf  Limitationen 
wie bei Immunogold-Färbungen zu stossen. Eine weitere Stärke dieses Pro-
jektes liegt in der Lebendbeobachtung von fluoreszent markierten Rab8 
Proteinen, wodurch zum ersten Mal Rab8 Trafficking in Photorezeptoren 
innerhalb eines intakten Gewebes charakterisiert werden konnte. Meine 
Resultate unterstützen die Rolle von Rab8 im Trafficking von Opsin, ein 
Schlüsselergebnis in der derzeitigen Kontroverse über die Funktion von 
Rab8.
TALPID3/KIAA0586 (TA3) is ein neuartiges Ciliopathie-Protein, welches 
in verschiedenen Modellorganismen für die Ciliogenese durch Rab8-ver-
mitteltes Vesikel-Andocken benötigt wird. Wegen dieser wichtigen Rolle in 
der Ciliogenese war es bisher nicht möglich, potentielle zusätzliche Rollen 
von Ta3 in der Funktion von Cilien zu untesuchen. In diesem Projekt (Ka-
pitel 4) analysierte ich die Rolle von Ta3 in Photorezeptoren der Retina 
von zygotischen ta3-/- Zebrafisch-Mutanten, in welchen durch maternal 
beigesteuertes Ta3 die Ciliogenese teils erhalten bleibt. Meine Resultate 
bekräftigen die Rolle von Ta3 im Andocken an das BK, und deuten ausser-
dem auf  eine Rab8-unabhängige Funktion in der Aufrechterhaltung der 
Zellmorpologie hin, welche möglicherweise im Zusammenhang mit der 
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Motile and primary cilia
Cilia are thin cell protrusions that were first observed in protozoa in 1675 
by Antonie van Leeuwenhoek, who described them as «tiny feet that move very 
nimbly». However, it is believed that the term “cilia” (meaning “eyelash” in 
latin) was coined by Otto Müller in 1786 (Bloodgood, 2010b). Since their 
discovery, cilia were defined by their motility, their only ascribed purpose 
for centuries. When solitary non-motile cilia were found on the surface of  
mammalian cells, they were considered a vestigial organelle remnant of  the 
unicellular past, and they were named primary cilia because they appear 
in brain tissue earlier in development than multiciliated cells (Beales and 
Jackson, 2012). It was not until the 1950-1960s that the primary cilia regai-
ned scientific interest and started being characterized; and not until year 
2000, when the first clear association between primary cilium dysfunction 
and disease was reported. Ever since, primary cilia research field has been 
on expansion (Bloodgood, 2010a). 
Cilia are present apically in most eukaryotic cells with the exception of  
higher plants and fungi. In invertebrates, they are restricted to sensory neu-
rons, whereas in vertebrates they are present throughout each tissue (Baker 
and Beales, 2009). While motile cilia are present as several extensions pro-
truding from very specific cell types (e.g. ependymal cells in the brain, epi-
thelial cells of  the airways and reproductive tracts) and beat in concert 
to generate extracellular fluid flow, primary cilia are ubiquitous organelles 
present as solitary sessile extensions on most cells of  the body (Mitchison 
and Valente, 2017). There are very few but notable exceptions of  verte-
brate cells without a cilium: intercalated cells in the kidney collecting duct, 
hepatocytes, the female gamete and circulating blood cells (Temiyasathit 
and Jacobs, 2010).
Primary cilia are evolutionarily conserved organelles consisting of  a cen-
triole-derived basal body (BB), a microtubule-based axoneme and a spe-
cialized membrane (Fig. 1), and they are devoted to extracellular and en-
vironmental signal detection both during development and adult tissue 
homeostasis (Singla and Reiter, 2006). Primary cilia can detect a big pano-
ply of  signals, including mechanical stimuli, light and morphogens of  the 
Hedgehog (Hh) family and the non-canonical Wnt PCP pathway (Goetz 
and Anderson, 2010).
Centrioles are highly organized structures built on a barrel-like scaffold 
formed by 9 triplets of  microtubules arranged in a cartwheel (Garcia and 
Reiter, 2016). In quiescent cells, there is always a pair of  centrioles intima-
tely associated with each other –an entity known as centrosome–, which 
has a complex and cell cycle-dependent dynamic protein composition still 
not fully elucidated that allows them to cover a plethora of  cytoskeletal 
regulatory functions, including microtubule organization center (MTOC), 
mitotic spindle formation or ciliary BB (Keeling et al., 2016). The BB works 
as a template from which the axoneme nucleates and is extended to form 
cilia (see ciliogenesis section for more information).
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The axoneme is typically formed by 9 doublets of  microtubules. In moti-
le cilia, there is an additional central pair (constituting a “9+2” arrange-
ment) connected to the outer doublets by radial spokes. In these cilia, small 
dynein arms provide the motor-driving force required to bend the outer 
microtubules relative to the inner microtubules. Thus, the beating motion 
can be generated. However, most primary cilia have a “9+0” axoneme 
arrangement, without the central pair. Therefore, with the exception of  
the primary cilia in the embryonic left-right organizer, they are immotile 
(Baker and Beales, 2009).
The ciliary membrane sheaths the axoneme. Despite being continuous to 
the plasma membrane, the ciliary membrane constitutes a highly specia-
lized compartment, as it harbors and concentrates a unique set of  prote-
ins devoted to signal detection and transduction (Nachury et al., 2010). 
Because many cells are specialized in detecting signals of  specific nature, 
ciliary protein composition is different between different cell types; moreo-
ver, it can also change dynamically within one cell type depending on the 
signaling status (Goetz and Anderson, 2010). Recently, it has been shown 
that the lipid composition of  this compartment, rich in phosphatidylinosi-
tol 4-phosphate (PIP or PI(4)P), is also distinct from the adjacent membra-




) is more 
prominent. The maintenance of  this lipidic configuration is required for 
proper ciliary function and enabled by at least one known ciliary phospha-
Figure 1. Primary cilium compo-
nents (modified Gerdes et al., 2010)
The axoneme (light green) nucleates 
from the basal body (dark green). In-
corporation of vesicles from the Golgi 
apparatus carrying ciliary proteins oc-
curs at the ciliary base via RAB8 (dark 
blue). Regulation of protein content 
and trafficking inside the cilium ha-
ppens at the transition zone, between 
the axoneme and the basal body. Ci-
liary proteins are shuttled inside the 
compartment by the IFT complex B, 
whereas material is recycled back to 
the cytoplasm via IFT complex A.
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tase INPP5E, which converts PIP
2
 into PIP (Garcia-Gonzalo et al., 2015). 
The ciliary compartment is devoid of  protein synthesis machinery. Thus, 
the aforementioned protein enrichment is enabled by a combination of  
polarized vesicle trafficking towards the cilium and a septin-containing di-
ffusion barrier at the periciliary membrane (Hu and Nelson, 2011). The 
transition zone (TZ) is a region between the BB and the axoneme, which 
has been proposed to participate in the regulation of  ciliary protein compo-
sition, although the details of  protein sorting remain unknown. The TZ is 
characterized by the presence of  Y-shaped linkers and the ciliary necklace 
that bind the microtubule doublets to the surrounding membrane. Futher-
more, the TZ has been proposed to play both a gatekeeper role, preventing 
non-ciliary proteins from entering the compartment, and a facilitator role, 
allowing ciliary proteins to go in (Szymanska and Johnson, 2012). 
Once proteins have been successfully sorted to the ciliary compartment, 
transport along the axoneme and turnover to the cell body are guaranteed 
by the intraflagellar transport complexes (IFT). IFT complexes constitu-
te an evolutionary conserved mechanism, first described in Chlamydomo-
nas reinhardtii (Hao and Scholey, 2009; Ishikawa and Marshall, 2011). The 
IFT is formed by at least 20 proteins named according to their masses 
and distributed in two complexes, functioning as adaptors between motor 
proteins and ciliary cargo. The core of  the IFT-A complex functions in the 
dynein-dependent retrograde aspect of  IFT. The IFT-B particle is requi-
red for the kinesin-mediated anterograde aspect of  IFT. Anterograde and 
retrograde transport of  proteins respectively allow incorporation of  new 
material and protein recycling/turnover (Pearring et al., 2013). The IFT is 
required both for ciliary extension (see ciliogenesis section for more infor-
mation) as well as ciliary maintenance.
Understanding primary cilia structure, composition and function is crucial 
to appreciate their role in embryonic development, adult tissue homeosta-
sis and pathogenesis.
Ciliopathies
Ciliopathies are an expanding group of  human disorders caused by cilium 
dysfunction. Sensu lato, ciliopathies encompass both the molecular diseases 
caused by motile and primary cilia dysfunction. However, strictly speaking, 
the term ciliopathies refers to the disorders arisen from primary cilia dys-
function (Mitchison and Valente, 2017). Due to the ubiquitous presence of  
primary cilia, dysfunction of  this organelle has multiple pleiotropic effects 
in very diverse organ systems. Therefore, primary ciliopathies –from now 
on, simply “ciliopathies”– are characterized and unified by a wide array 
of  overlapping features: central nervous system (CNS) malformations, reti-
nal degeneration, anosmia, hearing loss; pancreatic, hepatic or renal cysts; 
obesity, polydactyly, left-right asymmetry defects and skeletal dysplasia/
malformations (Fig. 2) (Badano et al., 2006; Hildebrandt et al., 2011). Ci-
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liopathies can be characterized and classified based on their clinical featu-
res, presence of  core phenotypes and a constellation of  symptoms (presu-
mably arisen from the biological role of  the protein involved) into different 
disorders: Short-rib thoracic dysplasia with or without polydactyly (SRTD, 
OMIM 617405, encompassing Jeune asphyxiating thoracic dystrophy, Ellis 
van Creveld and Short rib polydactyly) is characterized by constricted tho-
racic cage; Bardet-Biedl syndrome (BBS, OMIM 209900) is characterized 
by retinitis pigmentosa, obesity, kidney dysfunction and polydactyly; au-
tosomal dominant polycystic kidney disease, (ADPKD, OMIM 173900), 
autosomal recessive polycystic kidney disease (ARPKD, OMIM 263200) 
and nephronoptisis (NPHP, OMIM 256100) are characterized by cystic 
kidney disease; Meckel-Gruber syndrome (MKS, OMIM 249000) is a se-
vere disorder causing fetal or perinatal decease; Alström syndrome (ALMS, 
OMIM 203800) and Leber congenital amaurosis (LCA, OMIM 204000) 
are both coursing with retinal dysfunction as main hallmark; and Joubert 
syndrome (JBTS, OMIM 213300) is characterized by a specific cerebellar 
malformation (carefully described in the next section) (Baker and Beales, 
2009). 
Ciliopathies are phenotypically and genetically heterogenous disorders, i.e. 
Figure 2. Ciliopathy phenotypes 
(modified from Goetz and Ander-
son, 2010)
Color-coded schematic depicting 
specific ciliary functions or pathways 
involved for each phenotype. Some 
aspects of these syndromes, such as 
the polydactyly in BBS and MKS and 
the skeletal abnormalities that affect 
the limbs of patients with SRTD, have 
been attributed to defective hedgehog 
(Hh) signaling (green). Other attributes 
of human disorders result from defecti-
ve sensory cilia (blue). The special case 
of hearing loss is due to a requirement 
for the primary cilia of the cochlea 
downstream of the PCP pathway in 
establishing the correct polarity of sen-
sory hair cells (yellow). Infertility and 
lung and airway abnormalities/dys-
function are a result of defective motile 
cilia or “primary cilia dyskinesia” (red). 
The most severe and common abnor-
malities associated with ciliopathies, 
such as cyst formation in the kidneys, 
liver, biliary duct and pancreas, the 
underlying molecular causes downs-
tream of the cilium remain unclear or 
controversial (purple), the Molar Tooth 
Sign belongs to this category, although 
it is presumably related to defective Hh 
signaling.
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multiple genes can cause similar clinical phenotypes, and each disorder can 
be caused by mutations in many different genes. In addition, prominent ge-
notypic and phenotypic overlap exists between different ciliopathies. Most 
of  these disorders are inherited in an autosomal recessive Mendelian fas-
hion, with some autosomal dominant or sex-linked exceptions. Oligogeni-
city has also been proposed as a possible inheritance mechanism (Katsanis, 
2004), supported in the concept of  mutational load and meaning that mu-
tations in three or more alleles of  different loci are disease causing. Howe-
ver, there has been no evidence of  triallelism found on mutation screenings 
on large cohorts of  patients so far (Nakane and Biesecker, 2005; Laurier et 
al., 2006; Smaoui et al., 2006; Phelps et al., unpublished).
The broad genetic heterogeneity and phenotypic variability of  ciliopa-
thies have led to various hypotheses to explain genotype and phenotype 
correlations (Tobin and Beales, 2009): 1) the mutated genetic locus itself  
can determine disease severity. 2) The nature of  the mutation can lead 
to seemingly different disorders: loss-of-function mutations cause severe, 
early-onset multiorganic disease; whereas hypomorphic mutations cause 
milder, late-onset disease with limited organ involvement (Mougou-Zerelli 
et al., 2009; Bachmann-Gagescu et al., 2012). 3) The presence of  a genetic 
modifier, a third heterozygous mutation on top of  the two recessive muta-
tions affecting the same locus, could worsen a phenotype (Bachmann-Ga-
gescu et al., 2015a). 
Although many genes whose protein product localizes or is associated to 
cilia have been identified as causal for ciliopathies, many patients remain 
diagnosed with an unidentified genetic cause (Waters and Beales, 2011). 
Efforts have been recently directed towards the assembly of  the ciliary pro-
teome or “ciliome” and the connections between these proteins, and now 
we know that > 1200 proteins localize or associate to this cell compartment 
(Gherman et al., 2006; Inglis et al., 2006; Boldt et al., op. 2009; van Reeu-
wijk et al., 2011; Roepman et al., 2012; Boldt et al., 2016). It is likely that 
many of  these genes harbor disease mutations. Functional characterization 
of  these proteins will help to dissect primary cilia function and disease me-
chanisms and will likely improve the prognosis, medical and educational 
management and development of  potential therapies for ciliopathies (To-
bin and Beales, 2009).
Joubert syndrome
Joubert syndrome (JBTS, OMIM 213300) is an inherited congenital ce-
rebellar ataxia and a prototypical ciliopathy, characterized by a specific 
cerebellar malformation that is exclusive to this disease and renders a pa-
thognomonic imaging finding called the Molar Tooth Sign (MTS) (Poretti 
et al., 2014b). The MTS received this name because the brainstem of  the 
patient acquires the shape of  a molar tooth in axial MRI. This is due to ce-
rebellar vermis hypodysplasia, thickened and elongated superior cerebellar 
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peduncles, deep interpeduncular fossa at the level of  the isthmus and upper 
pons. Despite JBTS was described in 1969 by Marie Joubert, the MTS was 
not determined as its main hallmark until 1997 (Romani et al., 2013).
It is believed that the cerebellar malformation can be caused by an un-
derlying axon guidance defect (Engle, 2010; Romani et al., 2013). This 
assumption is based on the facts that most neuronal types possess a primary 
cilium and primary cilia are crucial for the transduction of  Shh (which 
determines the neuronal fate and constitutes a guidance cue for axons). 
However, this hypothesis remains untested and the cerebellar phenotype is 
unexplained so far. Other central nervous system (CNS) defects have been 
associated with JBTS, mostly in the midbrain and tectum (Doherty, 2009; 
Poretti et al., 2014a).
Clinically, JBTS can be suspected in the first months of  life and presents 
with hypotonia, abnormal ocular movements and changes in the respi-
ratory pattern, alternating apnea and tachypnea, that are potentially li-
fe-threatening. Later on, intellectual disability usually manifests (although 
some cases with normal cognitive function have been reported) (Poretti 
et al., 2009). However, in addition to the core clinical hindbrain malfor-
mation causing all these symptoms, JBTS exhibits substantial phenotypic 
variability and 60% of  JBTS patients display additional features that span 
the whole spectrum of  ciliopathy phenotypes, giving rise to the term “Jou-
bert Syndrome and Related Disorders” (JSRD), to highlight that they are 
variable clinical manifestations of  one disease and do not represent distinct 
clinical syndromes (Brancati et al., 2010). Retinal defects, renal defects and 
congenital liver fibrosis are the most common extracerebellar symptoms 
(Bachmann-Gagescu et al., 2015a).
JBTS follows a recessive inheritance pattern, mostly autosomal (except 
for OFD1), with prominent genetic heterogeneity, since mutations in 
over 30 genes have been reported so far to cause this disorder: INPP5E, 
TMEM216, AHI1, NPHP1, CEP290, TMEM67, RPGRIP1L, ARL13B, 
CC2D2A, OFD1, TTC21B, KIF7, TCTN1, TMEM237, CEP41, TMEM138, 
C5ORF42, TCTN3, ZNF423, TMEM231, CSPP1, PDE6D, KIAA0586, 
TCTN2, CEP104, KIAA0556, B9D1, MKS1 and the novel genes KIAA0753 
(Stephen et al., 2017), CELSR2 (Vilboux et al., 2017), CEP120 (Roosing 
et al., 2016), HYLS1 (Oka et al., 2016). Because there is no genetic cause 
found in ca. 38% of  the patients diagnosed with JBTS, it is likely that this 
list will further expand in the next years (Bachmann-Gagescu et al., 2015a). 
The polypeptide products of  all these genes localize to the cilium, most of  
them in functional networks at the TZ or the BB (Szymanska et al., 2014). 
Mutations in the aforementioned genes can also cause the more severe 
Meckel-Gruber syndrome (MKS). This genetic overlap suggests that JBTS 
and MKS are allelic diseases, the milder and severe versions of  the same 
disease spectrum (Valente et al., 2013; Szymanska et al., 2014).
It is intriguing that dysfunction of  TZ and BB proteins leads to the same 
phenotype with the same core malformation. Comparison of  models for 
dysfunction in each region may allow identifying the common downstream 
General introduction 25
pathogenic mechanism leading to JBTS and address the possible therapeu-
tical management (Ware et al., 2011).
Retinal involvement in ciliopathies
Ciliopathies can course with retinal dystrophy or retinal degeneration, 
most times with an unclear mechanism. 25% of  JBTS patients present re-
tinal involvement (Bachmann-Gagescu et al., 2015a). The retina is placed 
at the back of  the vertebrate eye and is involved in image-forming vision. 
This process is not only limited to light detection but there is also local 
sophisticated processing of  the information before it is conveyed to higher 
brain centers, where it gets integrated with other sensory inputs. Despite its 
peripheral localization, the retina is considered part of  the central nervous 
system, as optic vesicles are formed out of  an evagination of  the dien-
cephalon during embryonic development (Purves et al., 2008).
Canonical vertebrate retinae are composed of  three nuclear layers and 
two synaptic layers (Perry et al., 2010). The outermost (most distal to the 
light source) nuclear layer contains two types of  photoreceptors: cones that 
mediate day-light vision and rods, which are very sensitive and detect low 
luminance levels (Holcman and Korenbrot, 2005). Upon the absorption 
of  a photon by the photoreceptors, the biochemically coupled phototrans-
duction cascade machinery ultimately leads to hyperpolarization of  the 
photoreceptor. The visual information transformed into an electrical signal 
is transmitted from the photoreceptors to the bipolar cells of  the next layer, 
and from the bipolar cells to the retinal ganglion cells in the innermost nu-
clear layer. The axons of  ganglion cells converge to form the optic nerve, 
which exits the eye and transmits the retinal output to other brain areas. 
This is the so called vertical pathway of  signal transmission; however, there 
is also horizontal information flow at the synaptic layers mediated by hori-
zontal cells in the outer plexiform layer, believed to maintain retina’s sen-
sitivity to contrast, and amacrine cells in the inner plexiform layer, which 
among other functions are involved in the detection of  directional motion 
(Purves et al., 2008).
Light detection and transduction is carried out by the retinal photorecep-
tors, which are highly polarized sensory neurons with a synaptic terminal, 
a cell body, an inner segment (IS) and a modified primary cilium called the 
outer segment (OS) (Kennedy and Malicki, 2009; Bloodgood, 2013). The 
OS consists of  stacks of  membranous disks which are organized around a 
microtubule-based axoneme and which contain proteins required for pho-
totransduction, such as the light-absorbing chromophore-coupled pigment 
opsin (Khanna, 2015). The connecting cilium, equivalent to the transition 
zone in other primary cilia (Bloodgood, 2013), joins the OS with the IS. 
The OS is, like all cilia, devoid of  protein synthesis machinery (Nachury et 
al., 2010; Khanna, 2015). Thus, the specialized protein enrichment of  the 
OS membranes is enabled by the polarized vesicle trafficking from the IS 
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explained in the previous section (Deretic et al., 1995; Nachury et al., 2007; 
Ward et al., 2011).
Rhodopsin is detected at the trans-Golgi network by Arf4 through a ci-
liary-targeting sequence (CTS) encoded in the C-terminus of  the protein 
(VxPx) that is conserved with Polycystin1, but does not seem to be shared 
with other transmembrane ciliary proteins (Ward et al., 2011; Pearring et 
al., 2013). Then, the factor cascade ASAP1-Rab11-FIP3-Rabin8-Rab8 
(thoroughly discussed in the next section) is recruited for its transport to 
the base of  the outer segment (Wang and Deretic, 2015), where the carrier 
vesicles fuse using Syntaxin3 and SNAP25 as t-SNAREs (Mazelova et al., 
2009). Photoreceptors shed the most distal portions of  their OSs to be 
degraded by retinal epithelial cells. Therefore, rhodopsin is continuously 
synthesized and transported in high rates to the OSs to replenish the lost 
pool (Pearring et al., 2013). This makes of  the PRs a very suitable cell 
model to study polarized protein trafficking to the cilium and offer the 
unique opportunity to investigate the function of  ciliopathy proteins in this 
context.
Polarized protein transport towards the cilium
In 2013, the Nobel Prize in Physiology and Medicine was awarded to Tho-
mas C. Südhof, James E. Rothman and Randy W. Schekman for the dis-
covery of  the underlying mechanisms and pathways of  polarized vesicle 
trafficking (Mellman and Emr, 2013; Rothman, 2014). Cells invest a great 
deal of  energy in keeping the identity and exclusivity of  their membra-
nous compartments to propagate the spatial organization of  biochemical 
events (McNew et al., 2000). Nowadays we know that vesicular transport 
is an exquisitely complex process that is genetically conserved from yeast 
to humans and has an enormous amount of  proteins and regulatory layers 
involved. Vesicle trafficking can be viewed as a four-step process: vesicle bu-
dding, movement of  the vesicle towards the target compartment, docking 
and ultimately fusion of  the lipid bilayers. Coating molecules, motor prote-
ins propelling the vesicles along cytoskeleton tracks and specific membrane 
fusion complexes have been identified serving in each of  these processes 
(Stenmark, 2009). Two major protein groups must be mentioned: the small 
RabGTPase and SNARE protein superfamilies.
RabGTPases are the largest family of  small cytoplasmic GTPases, with 
close to 70 members in humans. They work as molecular switches alter-
nating between an active GTP-bound and an inactive GDP-bound con-
formational state to deliver membrane from one compartment to another. 
When RabGTPases are active, they recruit several types of  specific effec-
tor molecules, including adaptors, tethering factors or motor proteins. Al-
though RabGTPases have an intrinsic catalytic activity to hydrolyze GTP 
to GDP, there are proteins that can activate them by removing the GDP 
(guanidine exchange factors or GEFs) or inactivate them by accelerating 
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the GTP catalysis (GTPase activating protein or GAPs), adding another 
layer of  regulation (Zerial and McBride, 2001). RabGTPases are reversibly 
associated with membranes via hydrophobic geranylgeranyl groups at their 
carboxy-termini. They localize to distinct intracellular compartments in an 
incompletely understood way, although it is believed that, besides their own 
structural determinants (Schimmoller et al., 1998; Pfeffer, 2005), yet ano-
ther set of  regulators play a role in this salient feature: GDP dissociation 
inhibitors (GDIs) bind the cytosolic Rabs encapsulating the geranylgeran-
yl groups in a hydrophobic pocket and GDI displacement factors (GDFs) 
release the GDP-Rab complex facilitating the binding to the membrane 
(Pfeffer, 2005; Pfeffer, 2013). RabGTPases are dispensable in most cases 
for vesicle budding; however, their specific localization and their capacity 
to direct trafficking make them the main membrane organizers of  the cell 
(Zerial and McBride, 2001).
Rab8 is the most prominent RabGTPase involved in ciliary transport. 
Rab8 exists in humans in the form of  two paralogs, RAB8A and RAB8B. 
Both have been demonstrated to be necessary for ciliogenesis in cell cul-
ture (Westlake et al., 2011). Indeed, Rab8 enters the cilium in cultured 
cells in a BBSome-dependent way to promote ciliary membrane exten-
sion (Nachury et al., 2007). It is not working alone but coordinated with 
Rab11, which recruits the GEF activator of  Rab8, Rabin8 (Knodler et al., 
2010). Furthermore, it was found in zebrafish that Rab8 binds to Rabap-
tin5, which in turn binds Elipsa (zebrafish ortholog of  mammalian IFT54), 
providing a molecular link between Rab8-mediated trafficking and the IFT 
machinery (Omori et al., 2008).
The first link between Rab8 and ciliary transport was demonstrated in 
photoreceptors, which are very specialized ciliated cells with a modified 
primary cilium, the outer segment (see retina section for further informa-
tion). Rab8 was found to be crucial for rhodopsin transport as rhodop-
sin-carrier-vesicles accumulated in the presence of  a dominant negative 
form of  Rab8 in frog photoreceptors (Deretic et al., 1995; Moritz et al., 
2001). The current model for rhodopsin transport involves recognition of  
rhodopsin by Arf4 in the trans-Golgi network. Arf4 recruits the adaptor 
protein ASAP1, which in turn recruits Rab11. Arf4 abandons the complex 
and Rab11 binds its effectors FIP3 and Rabin8. FIP3 is known to interact 
with specific PIPs at the target membrane, probably providing stability du-
ring fusion. Rabin8 recruits and activates Rab8 (Wang et al., 2012; Wang 
and Deretic, 2015). A double knock-out mouse model for rab8a and rab8b 
without a ciliogenesis phenotype was published, but the authors found that 
the closest orthologue of  Rab8, Rab10, could be taking over this function, 
as knock-down of  Rab10 in the double mutant MEFs abolished ciliogene-
sis (Sato et al., 2014). Interestingly, Rab10 has been associated with the pri-
mary cilia of  renal epithelial cells (Babbey et al., 2010). However, a recent 
publication presented a double rab11a;rab8a mouse mutant with additional 
expression of  dominant negative Rabs without any evident trafficking de-
fects in the retina (Ying et al., 2016). Although it could be that a different 
28 General introduction
species-specific mechanism governs rhodopsin transport in mammals com-
pared to amphibians, it is also plausible that other RabGTPases take over 
this function.
Supporting this notion, Rab8, Rab11 and Rab10 are not the only Rab-
GTPases involved in ciliary trafficking. Rab17-positive endosomal com-
partment contributes to the ciliary compartment (Yoshimura et al., 2007). 
Rab23 is required for retrograde transport from primary cilia and is invol-
ved in Shh signaling (Boehlke et al., 2010; Lim et al., 2011). Recently, the 
cone-rod dystrophy-associated Rab28 protein was found to concentrate at 
the periciliary membrane in its active form, associate with the BBSome 
and the IFT (Jensen et al., 2016). Nevertheless, it is not easy to disregard 
the function of  Rab8 in ciliary transport, as it has been demonstrated to 
interact with many ciliopathy proteins, including Ahi1, ODF2 (Lim et al., 
2011), the BBSome (Nachury et al., 2007) and the Exocyst complexes (Das 
and Guo, 2011).
The Exocyst is a multiprotein complex that works as a vesicle tethering 
factor involved in many exocytosis processes. Its components are well con-
served from yeast to human, some of  them localizing at specific membrane 
sites, where fusion occurs (Novick and Guo, 2002). The Exocyst has been 
reported to bind RabGTPases and act upstream of  SNARE fusion, as mu-
tations in any of  the eight proteins (Sec3p, Sec5p, Sec6p, Sec8p, Sec10p, 
Sec15p, Exo70p and Exo84p in yeast) cause vesicle accumulation (Lips-
chutz and Mostov, 2002). It is unclear, however, how the Exocyst triggers 
the SNARE-mediated fusion, but it seems it is not a simple tethering factor 
that brings the vesicle in close proximity to the SNARE proteins. Some au-
thors have reported a direct interaction between the Exocyst and SNARE 
proteins (Dubuke et al., 2015; Yue et al., 2017) or an indirect interaction by 
binding their inhibitors, to prevent premature SNARE complex formation 
(Morgera et al., 2012).
SNAREs (short for Soluble N-ethylmaleimide-sensitive factor Attachment 
protein REceptors) are a superfamily of  small proteins with around 36 
members in humans. All of  them have at least one SNARE motif, an evolu-
tionarily conserved stretch of  60-70 amino acids arranged in heptad repeats 
(Hong, 2005). Most SNAREs have a single C-terminal transmembrane 
domain for their membrane insertion, which can co-exist with hydropho-
bic post-translational modifications that prevent from degradation. Some 
of  them have regulatory N-terminal groups that can cap the SNARE do-
main. The small subfamily of  SNAREs comprising SNAP25, SNAP23 and 
SNAP29 contains two SNARE motifs joined by a palmitoylated flexible 
linker, without a transmembrane domain (Jahn and Scheller, 2006).
When appropriate sets of  SNAREs are combined, the SNARE motifs bind 
spontaneously in a helical core complex of  extraordinary stability that 
brings the bilayers in close proximity and allow fusion. Four helices/SNA-
RE motifs are required to form this complex, the center of  which contains 
largely hydrophobic chains except for three highly conserved glutamine 
(Q) residues and one arginine (R) residue (one residue per helix). This gives 
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rise to the classification of  SNAREs into Qa-, Qb-, Qc- and R-SNAREs, 
depending on their contribution to the complex (Fasshauer et al., 1998). 
This classification is more informative than the traditional classification 
sorting SNAREs into t-SNAREs (target membrane) or v-SNAREs (vesicle 
membrane), although the latter one is still in use for orientation purposes 
(Hong, 2005). Formation of  the core complex uses the free energy provided 
by the exothermic SNARE pairing reaction. However, once the SNAREs 
are bundled, they remain in a super-stable trans-complex (i.e. all of  them in 
the same membrane) that renders them biologically inactive. Disassembly 
and recycling of  the fusion components is mediated by NSF (N-ethylma-
leimide-sensitive factor) and SNAPs (soluble NSF attachment proteins, not 
to be confused with the nomenclature of  the SNAP25 SNARE subfamily) 
and involves several cycles of  ATP hydrolysis (Sollner et al., 1993).
Although SNAREs can form core complexes in a promiscuous way in vitro, 
it was demonstrated that in vivo only certain combinations have the intrinsic 
capacity of  mediating fusion of  very specific compartments (Scales et al., 
2000). This is further supported by the distinct topology and distribution 
of  SNAREs between membranes, which is partly encoded in their N-ter-
mini (Nakanishi et al., 2004) and their transmembrane domain (Watson 
& Pessin, 2001). However, in addition to this intrinsic capacity, SNAREs 
are associated with a large number of  regulators that prevent their fusion 
unless the triggering conditions are given.
The t-SNAREs Syntaxin3 (Qa-SNARE) and SNAP25 (Qbc-SNARE) have 
been demonstrated to mediate rhodopsin-carrier-vesicle fusion in frog and 
mammalian photoreceptors (Greenlee et al., 2001; Mazelova et al., 2009). 
These t-SNAREs would be pairing up with the v-SNARE VAMP7 present 
on the RTC surface (Ray et al., 2013). It still remains unknown if  this is a 
conserved mechanism for the ciliary transport of  all cell types. However, 
this appears unlikely, given the preferential neuronal expression of  SNAP25 
(Jahn and Scheller, 2006). On the other hand, Syntaxin3 is present in the 
plasma membrane of  multiple cell types (Fujita et al., 1998; Lehtonen et 
al., 1999; Knowles et al., 2015; Soo Hoo et al., 2016) and could represent 
a common mechanism of  ciliary material delivery. Furthermore, Rab11 
was found to be required for Syntaxin3 proper localization in enterocytes 
(Knowles et al., 2015), which could represent the bridge binding the ci-
liary-targeting vesicle apparatus with the fusion machinery.
Ciliogenesis
The assembly of  primary cilia, also known as ciliogenesis, is a multi-step 
process that is strongly regulated and tightly coupled to the cell cycle. In-
deed, because the mother centriole has to be released from the centrosomal 
function of  building the mitotic spindle, presence of  a cilium is incompati-
ble with cell division (Keeling et al., 2016). Thus, when a cell re-enters the 
cell cycle, primary cilia are disassembled and the centrosome migrates near 
30 General introduction
the nucleus. When the cell exits the cell cycle (G1 or G0), the centriole mi-
grates to the cell surface and nucleates the cilium. These mutually exclusive 
states of  the centriole require a conversion in which cell-cycle dependent 
transcription of  proteins and dynamic centrosomal protein localization 
participate (Lessman, 2012).
Before cell division, centrosomes duplicate in a way that remarkably resem-
bles DNA replication: 1) centriole duplication occurs during S phase and 
is terminated by the maturation and separation of  the two pairs of  centro-
somes during M phase, concomitant to DNA replication and segregation 
respectively. 2) It is a semi-conservative process, in which each daughter 
cell inherits one of  the old centrioles and a newly formed one, and 3) it 
is regulated by cyclin-dependent kinases (CDKs) (Brownlee and Rogers, 
2013). Centriole duplication or centriologenesis occurs normally via the 
canonical pathway, in which each one of  the centrioles serves as a platform 
to nucleate a procentriole at their base (Bauer et al., 2016). In multicila-
ted cells, the de novo pathways operate, where the daughter centriole builds 
structures called deuterosomes with incipient and latent procentrioles and 
releases them in the cytoplasm. New centrioles grow from both the mother 
centriole and the deuterosomes. These centrioles are matured and dock to 
extend the motile cilia (Al Jord et al., 2014).
Many proteins have been associated with the human centrosome and its 
full protein composition is not known yet (Andersen et al., 2003). Some 
of  these proteins are anti-ciliogenic and prevent the centrosome to build a 
cilium, some of  them are pro-ciliogenic and prime the centrioles to build 
a cilium. Differential expression of  both factors throughout the cell cycle, 
protein-protein interactions that block or reduce the function of  one of  
the factors and sequestration of  factors in different locations within the 
centrosome are some of  the known mechanisms that regulate ciliogenesis 
(Kobayashi and Dynlacht, 2011). For instance, protein CP110 –substrate 
of  CDK– is known to interact with Cep97 and form a complex that caps 
the distal end of  centrioles in a Kif24-dependent manner during centriole 
assembly to regulate centriole size (Kobayashi et al., 2011; Pearson, 2011). 
CP110 binds Talpid3 and Cep290 and suppresses their pro-ciliogenic ac-
tivity (Kobayashi et al., 2014). When the cell enters G1, CP110 protein 
levels decrease and inactivation of  Kif24 (presumably via phosphorylation 
by Aurora kinases, although the mechanism is unknown so far) restricts 
the expression of  CP110 to the daughter centriole (Pearson, 2011). Conse-
quently, the mother centriole is free to extend the axoneme (Fig. 3).
Once the cell exits the cell cycle, the oldest centriole of  the inherited pair, 
called mother centriole, matures into the basal body (BB). This transition 
requires recruitment and formation of  both distal (transition fibers) and 
subdistal appendages (basal feet) and other accessory structures such as ci-
liary rootlets. The formation of  appendages is independent of  ciliogenesis 
but is required for it. Examples illustrating this notion include loss of  cilia 
upon depletion of  the appendage proteins OFD2, Cep164 or ninein. Dis-
tal appendages appear to play a role in the docking of  the BB to the plas-
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ma membrane and docking of  the IFT machinery to the BB for axoneme 
extension (Kobayashi and Dynlacht, 2011).
After centriole maturation, a Golgi-derived vesicle or ciliary vesicle docks 
onto the BB, from which the nascent axoneme begins to emerge in an 
IFT-dependent manner. The ciliary vesicle subsequently fuses with secon-
dary vesicles and invaginates, leading to the formation of  a ciliary sheath 
around the assembling axoneme and eventually forming a ciliary mem-
brane. The nascent shaft acquires transition zone-like features (Pedersen 
et al., 2008). The small RabGTPase, Rab8a localizes near centrosomes 
during the early phase of  ciliogenesis, playing an important role in ciliary 
vesicle docking and membrane elongation (Fig. 3) (Kobayashi et al., 2014). 
The membrane-surrounded nascent cilium structure migrates to the apical 
cell surface in an actin-dependent manner. Subsequently, the ciliary vesicle 
fuses with the plasma membrane and further extension occurs via the IFT 
(Reiter et al., 2012).
Many of  the proteins involved in ciliogenesis are also involved in protein 
transport to cilia or ciliary maintenance (Kobayashi and Dynlacht, 2011). 
The cilium lacks ribosomes and therefore ciliary proteins are transported 
from the cytoplasm. Transmembrane proteins are transported in Rab8-as-
sociated vesicles from the Golgi apparatus to the ciliary base, where they 
fuse (Nachury et al., 2010). IFT mediates further transport into the ciliary 
compartment. Despite its intraciliary role, the bulk of  the IFT components 
localizes at the base of  the cilium, an important selective filter for trans-
Figure 3. Hypothesized steps of 
canonical ciliogenesis (modified 
from Chang et al., 2014)
(A) A ciliary vesicle (cv) binds to the dis-
tal end of the mother centriole (mc), via 
associations with transition fibers (tf). 
(B) Microtubule and transition zone (tz) 
outgrowth emerges and invaginates 
the cv. (C) Docking of the centriolar/
cv complex to the plasma membrane. 
(D) Axonemal outgrowth. (A’-D’) Steps 
of intracellular ciliogenesis in wild-type 
chicken embryos. dc, daughter cen-
triole; pc, primary cilium; cp, ciliary 
pocket. Scale bars: 500 nm in A’-D’.
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port, where other proteins can regulate the traffic (Pedersen et al., 2008).
In conclusion, ciliogenesis is a complex and fascinating process that is only 
now starting to be understood. Determination of  the enzymatic functions 
and interactions of  individual proteins at the BB, TZ and IFT will be cru-
cial to generate integrative models to understand how the huge and still-in-
creasing number of  ciliary components work together to regulate assembly 
and disassembly of  the small sensory organelle, the primary cilium (Ishi-
kawa and Marshall, 2011).
Zebrafish as a model for retinal ciliopathy 
research
The zebrafish is a small tropical freshwater teleost, which emerged as a pro-
mising new model organism due to the pioneering efforts of  George Strei-
singer to use zebrafish in developmental genetic studies and due to Chris-
tiane Nusslein-Vollhard, Wolfgang Driever and their teams, who applied 
forward genetics to elicit a number of  mutant lines (Lessman, 2012). Be-
cause of  its high fecundity, amenability to genetic manipulations and rapid 
development of  externally fertilized and translucent embryos, the zebrafish 
allows for experiments not easily done in other vertebrates.
In addition to the aforementioned forward genetic approaches, reverse 
genetic approaches are possible as complete genomic information of  the 
zebrafish is available (Howe et al., 2013). Gene knockdown with antisense 
morpholino oligonucleotides has been used extensively and since the de-
velopment of  ZFN, TALENs and CRISPR/Cas9 technologies, it is now 
possible to mutate virtually any gene of  interest (Hwang et al., 2013). To 
complete the genetic toolkit, Tol2 transposon mediated transgenesis can 
be efficiently applied (Kawakami, 2007) with ease to produce transgenic 
lines, often with the use of  fluorescent reporters to label cells or proteins of  
interest in a spatiotemporal-controlled manner.
The zebrafish has a body plan shared by vertebrates including humans, 
providing added significance to the existing lines of  zebrafish as human di-
sease models (Lessman, 2012). Ciliopathy-causing genes are well conserved 
between zebrafish and humans in terms of  nucleotide identity, function 
and localization of  their protein products (Zaghloul and Katsanis, 2011) 
and exist as 1:1 orthologues despite the extra whole genome duplication 
event undergone in the teleost lineage. Furthermore, the zebrafish canoni-
cal vertebrate retina exhibiting quasi adult morphology at 5 days post ferti-
lization (dpf), extraordinarily fast development of  zebrafish diurnal vision, 
which is more similar to human vision than the one of  mice of  nocturnal 
lifestyle, makes zebrafish very suitable for the study of  ciliopathy proteins 
in retinal function (Perry et al., 2010).
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Aims of the thesis
My aim is to shed light on the pathogenesis mechanisms underlying JBTS 
by studying mutants in two genes, KIAA0586/TALPID3 and CC2D2A. The 
protein product of  these genes localizes respectively to the BB and the TZ, 
the two affected compartments in JBTS (Baker and Beales, 2009). This 
kind of  approach allows us to compare and extract the common mecha-
nistic links, which could potentially be shared by other proteins in these 
compartments.
KIAA0586/TALPID3 (TA3) is a novel ciliopathy gene (Bachmann-Gagescu 
et al., 2015b). Ta3 localizes to both mother and daughter centrioles and is 
required for ciliogenesis in various model organisms through a Rab8-de-
pendent role in BB docking (Kobayashi et al., 2014). The requirement for 
Ta3 during ciliogenesis precludes the investigation of  potential additional 
roles in ciliary function in mouse or chick models. In Chapter 4, we analyze 
the role of  Ta3 in retinal photoreceptors of  zygotic talpid3-/- zebrafish mu-
tants, in which maternally-derived Ta3 contribution partially rescues cilio-
genesis at early developmental stages, which allowed us to uncover another 
Rab8-independent role in cell-shape maintenance through a yet unknown 
mechanism.
CC2D2A is a transition zone protein whose dysfunction is one of  the most 
common causes for JBTS (Bachmann-Gagescu et al., 2015a). Cc2d2a loss-
of-function leads to loss of  ciliary protein localization in fibroblasts from 
knock-out mice (Garcia-Gonzalo et al., 2011). Similarly, we previously re-
ported intracellular opsin mislocalization and massive vesicle accumulation 
in PRs of  the cc2d2auw38 mutant zebrafish, suggesting the involvement of  
Cc2d2a in ciliary trafficking and supporting the role of  the TZ in ciliary 
protein content regulation (Bachmann-Gagescu et al., 2011). In Chapter 
2, we describe a role for Cc2d2a in periciliary membrane organization as 
a selective gatekeeper for the fusion machinery t-SNARE SNAP25, using 
a novel Correlative Light and Electron Microscopy technique (thoroughly 
described in Chapter 3). In this study we also provide the very first charac-
terization of  Rab8 trafficking through live imaging in PRs and evidence in 
its involvement in opsin trafficking, resolving the recent controversy around 
this function (Ying et al., 2016).
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Chapter 2. The ciliopathy protein CC2D2A 
organizes the vesicle fusion machinery at the 
periciliary membrane of Zebrafish photoreceptors

The role of CC2D2A in ciliary trafficking 43
Abstract
Ciliopathies are human disorders caused by dysfunction of  primary cilia, 
ubiquitous organelles involved in transduction of  environmental signals 
such as light sensation in photoreceptors. Concentration of  signal detec-
tion proteins in the ciliary membrane is achieved by regulated polarized 
vesicle trafficking and a selective barrier at the ciliary base, the transition 
zone (TZ). Dysfunction of  the TZ protein CC2D2A causes ciliopathies in 
humans and loss of  ciliary protein localization in animal models. Using co-
rrelative light and electron microscopy and live imaging in zebrafish pho-
toreceptors, we identify a role for Cc2d2a in the latest step of  opsin-carrier 
vesicle (OCV) trafficking, namely vesicle fusion, through organization of  
the vesicle fusion machinery components SNAP25, Syntaxin3 and Exoc4 
at the periciliary membrane. We further provide the first live characteriza-
tion of  Rab8-trafficking in rod and cone photoreceptors, supporting the 
recently questioned role of  Rab8 in OCV trafficking and suggesting redun-
dancy between Rab8 paralogs in this process.
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Introduction
Ciliopathies are an expanding group of  human disorders caused by prima-
ry cilium dysfunction and unified by a wide array of  overlapping pheno-
types: cystic kidneys, central nervous system (CNS) malformations and ret-
inal degeneration among others (Badano et al., 2006; Goetz and Anderson, 
2010; Hildebrandt et al., 2011). Primary cilia are ubiquitous organelles 
that consist of  a mother centriole-derived basal body (BB) and a micro-
tubule-based axoneme ensheathed by a specialized membrane. Primary 
cilia are involved in transduction of  a variety of  environmental signals to 
the cell, depending on the cell type, including morphogens and light. To 
serve this purpose, the ciliary membrane is enriched with specific receptors 
and channels required for signal detection (Singla and Reiter, 2006). Cilia 
are devoid of  protein synthesis machinery (Nachury et al., 2010), thus the 
ciliary membrane compartmentalization is enabled by highly controlled 
polarized vesicle trafficking subject to RabGTPase regulation (Hsiao et al., 
2012) and by a selective barrier at the base of  the cilium likely formed by 
the transition zone (TZ) (Szymanska and Johnson, 2012), a region localized 
between the BB and the axoneme. Mutations in several genes encoding 
TZ proteins lead to Joubert syndrome (JBTS; OMIM: 213300), a repre-
sentative ciliopathy characterized by a very specific cerebellar malforma-
tion –the molar tooth sign– and associated in 30% of  cases with retinal 
involvement due to photoreceptor (PR) dysfunction (Bachmann-Gagescu 
et al., 2015a).
Light transduction takes place in PRs, which are highly polarized sensory 
neurons harboring a highly specialized primary cilium, the outer segment 
(OS) (Bloodgood, 2013). OSs consist of  stacks of  membranous disks con-
taining proteins required for phototransduction, such as the photopigment 
opsin, and organized around a microtubule-based axoneme (Kennedy and 
Malicki, 2009). Trafficking of  opsins towards the OSs is thought to be con-
trolled by the small GTPase Rab8, based on expression of  a dominant 
negative GDP-locked Rab8 form in frog PRs that led to opsin-carrier ves-
icle (OCV) accumulation at the base of  the PR OS (Deretic et al., 1995; 
Moritz et al., 2001). Further work in frog PRs identified a complex initiated 
by Arf4 in the trans-Golgi network and formed by ASAP1-Rab11-FIP3-
Rabin8-Rab8 involved in opsin delivery to the ciliary compartment (Wang 
et al., 2012; Wang and Deretic, 2015). In addition, Rab11 and Rabin8, 
the guanidine exchange factor for Rab8, were shown to promote ciliary 
membrane biogenesis in RPE-hTERT cells (Nachury et al., 2007; Knodler 
et al., 2010; Ward et al., 2011). While two RAB8 paralogs exist in humans 
(RAB8A and RAB8B) which were both found to be involved in ciliogenesis 
in RPE cells (Westlake et al., 2011), it remains unclear which paralogue is 
important in OCV trafficking in PRs. In fact, since a double rab8a;rab8b 
knock-out mice, which revealed mislocalization of  apical proteins in intes-
tinal cells, developed ciliogenesis defects only after additional knock-out of  
the closest Rab8-relative Rab10 in MEFs (Sato et al., 2014), it appears that 
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various Rabs can compensate for loss of  function of  each other. However, 
in contrast to all these results, a recent study questioned the role of  Rab8 
in opsin trafficking in PRs based on double mouse rab8a;rab11a knock-outs 
which displayed no retinal phenotype, reopening the question of  the role 
of  Rab8 in OCV trafficking in PRs (Ying et al., 2016).
Once OCVs have reached their target membrane, vesicle fusion is thought 
to be mediated by the Exocyst and by SNARE (Soluble N-ethylmeleim-
ide-sensitive factor Attachment Protein REceptor) proteins. SNAREs 
present on the vesicle surface (v-SNAREs) and on the target membrane 
(t-SNAREs) pair up and work as catalysts to provide the mechanical force 
required to mediate membrane fusion (Jahn and Scheller, 2006). The Exo-
cyst, a multisubunit protein complex, is implicated in tethering of  secretory 
vesicles to the plasma membrane in several exocytosis processes including 
ciliogenesis (Das and Guo, 2011; Heider and Munson, 2012). The Exo-
cyst localizes at the ciliary base in cell culture (Rogers et al., 2004) and 
in the ciliary stalk of  PRs in frog retina (Mazelova et al., 2009) and one 
of  its components, Sec15, has been found to interact directly with Rab8 
(Das and Guo, 2011). Exocyst components Sec8, Sec10 and Exo84 have 
been involved in the pathogenicity of  various ciliopathies, including Jou-
bert syndrome and the related Meckel syndrome (Fogelgren et al., 2011; 
Dixon-Salazar et al., 2012; Shaheen et al., 2013; Martin-Urdiroz et al., 
2016; Seixas et al., 2016).
Joubert syndrome is caused by mutations in one of  at least 30 genes, 
many of  which encode TZ proteins interacting with each other in large 
multi-protein complexes, as is the case for CC2D2A. CC2D2A dysfunction 
is one of  the most common causes for JBTS, accounting for 10% of  JBTS 
families. As for other TZ proteins, its dysfunction leads to loss of  ciliary 
protein localization in fibroblasts from knock-out mice (Garcia-Gonzalo 
et al., 2011). Similarly, we previously reported intracellular opsin mislocal-
ization and massive vesicle accumulation in PRs of  the zebrafish cc2d2a uw38 
mutant, suggesting the involvement of  Cc2d2a in ciliary trafficking and 
supporting the role of  the TZ in ciliary protein content regulation (Ow-
ens et al., 2008; Bachmann-Gagescu et al., 2011). Although we observed 
loss of  Rab8 puncta in absence of  Cc2d2a function, the mechanistic link 
between the TZ protein Cc2d2a, Rab8 and ciliary-directed trafficking re-
mained obscure. 
In this study, we show that ciliary-directed vesicles containing opsins and 
coated by Rab8 accumulate progressively at the apical portion of  cc2d2a-/- 
PRs as a result of  a vesicle fusion defect. Using Correlative Light and Elec-
tron Microscopy (CLEM) and live imaging in zebrafish PRs, we provide a 
detailed analysis of  the movement kinetics of  Rab8-tagged vesicles, sup-
porting a role for Rab8 in OCV trafficking and demonstrating redundancy 
between Rab8a and Rab8b-like paralogs in both rods and cones of  wild-
type fish. Time-lapse analysis of  Rab8-tagged puncta in cc2d2a-/- PRs re-
veals no substantial difference compared to wild-type PRs, suggesting that 
the observed OCV accumulation is not secondary to a defect in trafficking 
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but rather in vesicle fusion. In support of  this hypothesis, we observe mis-
localization and/or depletion of  elements of  the vesicle fusion machinery, 
including the t-SNAREs SNAP25 and Syntaxin3 and the Exocyst compo-
nent Sec8, at the apical membrane of  PRs consequent to Cc2d2a loss of  
function. Together, these results indicate that Cc2d2a plays a crucial role in 
the organization of  the vesicular docking sites at the periciliary membrane, 
allowing OCVs to fuse and deliver their cargo at the base of  the OSs.
Results
Vesicles accumulate progressively from the onset of outer segment 
formation in the apical portion of cc2d2a-/- photoreceptors
Our previous studies of  the cc2d2auw38 zebrafish mutant, which harbors a 
non-sense mutation upstream of  the C2 domain of  Cc2d2a (Owens et al., 
2008), identified massive accumulation of  vesiculo-tubular structures in the 
apical portion of  zebrafish photoreceptors (PRs) co-existing with misshap-
en outer segments (OSs) at 5 days post fertilization (dpf) (Bachmann-Ga-
gescu et al., 2011). To rule out the possibility that these structures are the 
result of  a degenerative process we analyzed the ultrastucture of  mutant 
retinae at earlier time points spanning OS formation by transmission elec-
tron microscopy (TEM). At 60 hpf, wild-type (wt) PRs have taken on their 
typical cell morphology including an apico-basally elongated nucleus, a 
recognizable inner segment containing the forming mitochondrial cluster 
(Fig. 1 A) and an already docked basal body (BB) to the apical membrane 
with extension of  the connecting cilium (Fig. 1 C). At this stage, cc2d2a-/- 
PRs are indistinguishable from wt based on cell morphology, distribution 
of  organelles (Fig. 1B) and docking of  the BB to the apical membrane with 
extension of  the connecting cilium (Fig. 1 D and Fig. S1). However, at later 
stages we observe that ciliary membrane stacking is impaired in cc2d2a-/- 
PRs. Nascent OSs are observed in a majority of  wt PRs at 75 hpf  (Fig. 1 E 
and G) but are mostly absent in cc2d2a-/- retinae where vesicular structures 
begin to appear instead (Fig. 1 F and H). While wt PRs extend OSs of  
increasing length at 4dpf  (Fig. 1 I and K), vesicular accumulation increas-
es progressively over time in cc2d2a-/- PRs (Fig. 1 J and L) and becomes 
massive at 5 dpf, as previously reported (Bachmann-Gagescu et al., 2011). 
Therefore, we conclude that accumulation of  vesicles is progressive from 
onset of  OS formation.
Accumulated vesicles are opsin-carrier vesicles
To ensure that these accumulated membranous structures are opsin-carrier 
vesicles (OCVs) and thus were ciliary targeted, we used a recently devel-
oped Correlative Light and Electron Microscopy (CLEM) method (Mateos 
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et al., 2016), which enables us to overlay immunodetected opsin on ultra-
thin sections with scanning electron microscopy (SEM) images to deter-
mine the precise ultrastructural localization of  the opsins. Structures of  
interest such as OSs (Fig. 2 A’ and B’), accumulated vesicles (Fig. 2 D’ and 
E’, arrows) or cilia (Fig. 2 D’’ and E’’, arrowhead) are easily recognizable 
on the SEM images. Using the 4D2 antibody which recognizes rod and 
red-green cone opsin, we found opsin signal in OSs of  wild-type PRs (Fig. 
2 A and C and A’-B’). In cc2d2a-/- PRs, opsins localize to aberrant mem-
brane stacks of  dysmorphic OSs as well as to the accumulated vesicles 
Figure 1. Vesicle accumulation is progressive from the onset of OS formation in cc2d2a-/- PRs
(A-D) Transmission Electron Microscopy (TEM) of retinal sections at 60hpf is indistinguishable between wild-type (wt) (A, C) and cc2d2a-/- 
(B, D), including with respect to basal body docking (arrowheads in C-D) and extension of the connecting cilium (arrows in C-D). (E-H) 
TEM of retinal sections at 72 hpf: Note the nascent Outer Segments (OS) in wt (E, G), but the quasi-absence of OSs in cc2d2a-/- with 
onset of apical accumulation of vesicular structures (F, H, arrowheads). (I-L) TEM of retinal sections at 96 hpf: Well-formed OSs are pre-
sent apical to the mitochondrial cluster in wt (I, K), while in mutant photoreceptors an increased number of vesicles (brackets) are found 
in the apical portion of the cell together with misshapen membrane stacks (arrowheads) instead of OSs (J, L).  Scale bars are 1 µm in all 
panels. M mitochondria, N nuclei, OS outer segments, wt wild-type.
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(Fig. 2 D and F and D’-E’’). In comparison, transport of  transmembrane 
proteins such as Cacna1fa to other cellular compartments than the OS 
(synapse) is unaffected in cc2d2a-/- PRs (Fig. S2). Collectively, our data in-
dicate that OCVs accumulate progressively in cc2d2a-/- PRs as a result of  
a ciliary-specific trafficking or a vesicle fusion defect.
The small GTPase Rab8 associates with opsin-carrier vesicles
Our previous study of  the zebrafish cc2d2auw38 mutant described mislocali-
zation of  the small GTPase Rab8 in PRs lacking Cc2d2a. This suggested 
that a defect in Rab8-mediated trafficking could underlie the observed ve-
sicle accumulation, given the ascribed roles for Rab8 in regulation of  pola-
rized vesicle trafficking to cilia (Nachury et al., 2007; Knodler et al., 2010; 
Westlake et al., 2011) and in delivery of  opsin-carrier-vesicles (OCVs) in 
PRs (Wang and Deretic, 2015). However, recent work has questioned this 
role for Rab8 paralogues in OCV transport in mouse (Ying et al., 2016). To 
elucidate whether Rab8 participates in opsin transport in zebrafish and to 
investigate the consequences of  Cc2d2a loss-of-function on Rab8-media-
ted trafficking, we generated transgenic fish lines stably expressing tagged 
Rab8 in PRs.
Zebrafish have 3 Rab8 paralogues: Rab8a, Rab8b and Rab8b-like. While 
zebrafish Rab8a (NM_001089562) appears to be the true orthologue of  
human RAB8A (NM_005370) based on synteny and on sequence com-
parisons (93.2% identity at the amino acid level), the situation is more 
Figure 2. Accumulated vesicles in 
cc2d2a-/- PR are opsin-carrier-ve-
sicles
(A-C) 5 dpf Correlative Light and 
Electron Microscopy (CLEM) image 
of a wildtype (wt) retina stained with 
BODIPY (magenta) to mark the outer 
segment membranes and the mito-
chondrial cluster and with 4D2 (green) 
to label rhodopsin and red-green op-
sin. (A) is the overlay of the Scanning 
Electron Microscopy (SEM) image (B) 
and the immuno-histochemistry image 
(IHC) (C). (D-E) 5 dpf CLEM sections 
of a cc2d2a-/- retina. Note that whi-
le 4D2 staining only localizes at the 
outer segments of wildtype PRs (A’’), 
it is visible in accumulated vesicles in 
cc2d2a-/- PRs (D’, arrows). Also note 
normal cilium docking in cc2d2a-/- 
PRs (D’’-E’’, arrowhead). Scale bars 
are 2 μm in all images.
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complex for RAB8B (NM_016530). Indeed, zebrafish have a Rab8b gene 
(NM_001099259) on chromosome 7, with conserved synteny compared to 
human, and a Rab8b-like gene (XM_017354313.1) (Fig. S3) on chromo-
some 25, a region where uncertainties in the zebrafish genome assembly 
currently limit further investigation. In any case, all three zebrafish Rab8 
paralogues share very high sequence similarity with each other and with 
the human RAB8A and B paralogues (Fig. S4). 
To characterize Rab8-directed trafficking in zebrafish photoreceptors, we 
chose to use the zebrafish Rab8a sequence, given the large body of  litera-
ture concerning ciliary-directed trafficking focused on this paralogue, as 
well as the Rab8b-like sequence, to test whether other Rab8 paralogues 
could also play a role in OCV trafficking. We generated lines expressing 
N-terminal mCherry-tagged Rab8a in rods (tg(rhod:mCherry-Rab8a)) and 
cones (tg(tacp:mCherry-Rab8a)) as well as Rab8b-like in rods (tg(rhod:mChe-
rry-Rab8b-like)). To test if  the different Rab8 paralogues co-localized with 
opsin-carrier vesicles, we transiently co-expressed heat-shock inducible 
GFP-tagged rhodopsin (Zhao and Malicki, 2011) in our Rab8 transgenic 
fish or stained them for endogenous opsin (4D2 antibody). We observed 
co-localization of  both Rab8 paralogues with GFP-tagged rhodopsin and 
endogenous opsins in both cones and rods (Fig. 3 A-J). Moreover, using 
CLEM, we observed that opsin signal is associated with mCherry-Rab8a 
in vesicular-like structures (Fig. 3 J-N). Together, these results confirm that 
the small GTPase Rab8 is present at the surface of  OCVs in both cones 
and rods and suggest possible redundancy between Rab8 paralogs in the 
transport of  opsins.
Figure 3. Rab8a and Rab8-like as-
sociate with rhodopsin-carrier ve-
sicles
(A-C) 5 dpf cryosections of wildtype 
(wt) zebrafish expressing mCherry-ta-
gged Rab8a in rods (tg(rhod:mChe-
rry-rab8a)) (magenta), stained with 
the anti-opsin antibody 4D2 (green). 
Note co-localization of the signals 
(arroheads). (D-F) 5 dpf cryosections 
of wt zebrafish stably expressing 
mCherry-tagged Rab8a in cones (tg(-
Tacp:mCherry-rab8a)) (magenta), and 
transiently expressing GFP-tagged 
rhodopsin (green). Note co-localiza-
tion of the signals. (G-I) 5 dpf cryosec-
tions of wt zebrafish stably expressing 
mCherry-tagged Rab8-like in rods tg(r-
hod:mCherry-rab8like) (magenta), stai-
ned with the anti-opsin antibody 4D2 
(green). Arrowheads indicate exam-
ples of co-localization in all cases. (J-
N) CLEM image of wt zebrafish stably 
mCherry-tagged Rab8a in cones (tg(-
Tacp:mCherry-rab8a)) (J) stained with 
anti-opsin antibody 4D2 (K). (L) shows 
the merged image of Rab8a (magenta) 
and 4D2 (green) over the SEM ima-
ge. (M) Zoom of the co-localized Ra-
b8a and opsin signals surrounded by 
membrane (N), indicating a vesicular 
structure. Scale bars are 5 μm in A-I, 5 
μm in J-L, 1 μm in M-N.
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Figure 4. Rab8a is diffusely mislo-
calized in cc2d2a-/- cones
(A-A’) 5 dpf Correlative Light and Elec-
tron Microscopy (CLEM) retinal section 
of a wildtype (wt) zebrafish expressing 
mCherry-tagged Rab8a in cones (tg(-
tacp:mCherry-rab8a)). (A) is the immu-
nohistochemistry image (IHC) stained 
for mCherry (magenta) and counters-
tained with DAPI (blue) and (A’) is the 
overlay of the Scanning Electron Mi-
croscope (SEM). (B-B’) CLEM of a cc-
2d2a-/- retina. (C-E’’) are higher mag-
nification images of the boxed areas in 
A-B’). Note the localization of Rab8a 
(magenta) to outer segments (OSs) 
and to vesicular structures (arrowhead) 
in wt (C-C’’). In cc2d2a-/- cones, Ra-
b8a (magenta) localizes to in dysmor-
phic OSs and to accumulated vesicles 
(v, arrowheads) in (D-D’’) as well as to 
non-membrane-delimited cytoplasmic 
areas (arrow in E’’). Scale bars are 5 
μm in A-B’ and 3 μm in C-E’’. OS outer 
segment, m mitochondria, N nuclei, v 
vesicular structures.
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Overexpressed mCherry-Rab8a partially mislocalizes in cc2d2a-/- 
cones
We previously published that Cc2d2a is required for punctate localization 
of  Rab8, since transiently expressed mCherry-Rab8 was diffusely localized 
in a majority of  cc2d2a-/- cone PRs (Bachmann-Gagescu et al., 2011). We 
confirmed these observations in transgenic lines stably expressing mChe-
rry-Rab8, which we subjected to CLEM to ascertain the structures where 
Rab8 mislocalizes within the mutant PRs. In wt PRs, using an anti-mChe-
rry antibody to enhance the signal, we could observe discrete mCherry-po-
sitive puncta (Fig. 4 A and A’) that localized to membrane-delimited vesicu-
lar structures (Fig. 4 C-C’’, arrowheads) as well as diffuse mCherry signal 
in the outer segments (OS). Immunostaining using an anti-Rab8 antibody 
confirmed that these mCherry-signals contain Rab8 (Fig. S5 A-F). In cc-
2d2a-/- PRs, mCherry signal was localized to accumulated vesicles and 
to dysmorphic OSs (Fig. 4 D’ and D’’). In addition, we observed a weaker 
diffuse signal in the cytoplasm of  mutant PRs, not delimited by membrane 
(Fig. 4 B and B’ and E-E’’, arrows). Collectively, these data indicate that 
loss of  Cc2d2a function leads to partial mislocalization of  Rab8 to the 
cytoplasmic compartment, while vesicles coated with Rab8 also remain 
present. 
Dynamics of Rab8-directed trafficking in zebrafish photoreceptors 
display complex patterns
Taking advantage of  the stable transgenic lines expressing mCherry-tagged 
Rab8 paralogues in rods and cones, we went on to characterize Rab8-traf-
ficking in PRs in vivo in a whole tissue context. For that purpose, we obtained 
time-lapse videos of  live 5 dpf  old transgenic larvae stably co-expressing 
mCherry-Rab8 with GFP-hCentrin, the latter serving as an immobile cel-
lular reference to label the basal body (BB) (Video #1). We found Rab8-
tagged puncta to display a complex shuffling apico-basal movement, mostly 
localized to the inner segment but spanning up the entire length of  the PR 
from the BB to the synapse, with a subset of  puncta approaching the BB 
(Fig. 5 A-F). To ensure that this movement was not an artifact driven by the 
overexpression of  Rab8, we transiently overexpressed mCherry-Rab3aa 
and analyzed its behavior via live imaging. mCherry-Rab3aa strongly lo-
calizes at the PR synapse as predicted (Fischer von Mollard et al., 1990), 
with only localized movement over the 10 minute duration of  the time-
lapse  (Video #2 and Fig. 5 F-H’), indicating that overexpressed Rabs ex-
hibit the predicted endogenous behavior. Furthermore, overexpression of  
Rab8 did not substantially affect retinal ultrastucture in the transgenic ani-
mals at 5 dpf, despite some increase in vesiculo-tubular structure in a subset 
of  PRs (Fig. S5 G-G’’). 
We thus pursued to track the movement of  Rab8-tagged particles (Fig. 5 
A’-C’) to compare the kinetics of  the different Rab8 paralogues in wt cones 
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and rods over 10 minutes (videos acquired at a rate of  1 frame per second) 
(Videos #3 to #6). Important kinetic parameters analyzed for each parti-
cle included displacement (distance between initial and final coordinates), 
directionality (ratio displacement in the lateral axis/displacement in the 
apico-basal axis) and maximum speed. We observed no significant differ-
ence between the Rab8a and Rab8b-like paralogs or between rods and 
cones: average displacement was 890±28 nm (Fig. 6 A); maximum speed 
was 1016±98 nm/s (Fig. 6 B) and directionality was 0.60±0.08, i.e. mostly 
apico-basal (Fig. 6 C). The only significantly differing variables included 
particle size of  Rab8a particles in rods (7.86±1.41 pixels) which was larger 
than in cones (10.08±2.19 pixels) (p=0.0121, Student’s t-test) (Fig. 6 D). 
While statistical significance was achieved for this parameter, it is question-
able whether these differences are biologically relevant. In particular, the 
different strengths of  the promoters used to express Rab8a in these two PR 
types may at least partially explain these differences, as the weaker trans-
ducin promoter used in cones leads to a lower signal-to-noise ratio, making 
segmentation more difficult. This hypothesis is further supported by the 
higher number or Rab8a particles in rods than in cones (Fig. 6 E; minimum 
of  8.76±3.66 particles in rods vs 3.84±1.09 in cones; p=0.001 Student’s 
t-test). Altogether, our data suggest that Rab8a and Rab8b-like have a sim-
ilar behavior in PRs, which could indicate possible functional redundancy, 
and that Rab8a-controlled trafficking occurs similarly in rods and cones. 
Rab8-mediated trafficking is not directly affected by loss of  Cc2d2a func-
tion
To determine whether the observed vesicle accumulation in cc2d2a-/- pho-
toreceptors (PRs) is secondary to a defect in Rab8-mediated trafficking, we 
compared Rab8a and Rab8b-like kinetics in wt and cc2d2a-/- rods, focu-
sing on those mutant PRs that did express puncta. Using the same video 
Figure 5. Rab8-particles display 
dynamic movement patterns and 
transiently approach the BB
(A-C) Time-lapse imaging of a 5 dpf 
wt zebrafish retina expressing Rab8li-
ke in rods (tg(rhod:mCherry-rab8like)). 
The Rab8like punctum marked with an 
arrowhead in all time frames can be 
recognized and followed by the Ilastik 
tracking software (cyan overlay) (A’-
C’). This punctum transiently approa-
ches the GFP-tagged basal body (D 
and merge in E). The movement is 
specific for Rab8 as transiently expres-
sed Rab3aa in rods (rhod:mCherry-ra-
b3aa) (F-H’) exhibits the expected 
endogenous synaptic localization (H’). 
Scale bars are 10 μm in all images. OS 
outer segment, IS inner segment, Syn 
Synapse.
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duration and acquisition rate paradigm described above, we observed no 
major differences in movement kinetics in mutant PRs compared to wt in-
cluding particle size, trajectory, displacement and speed. The only variable 
differing significantly in mutant PRs was the directionality of  Rab8b-li-
ke puncta (Fig. 6 C) (0.52±0.12 in wt, 0.73±0.19 in cc2d2a-/-; p=0.0025, 
Student’s t-test, n=13 PRs per condition). Directionality was measured 
as the ratio between the maximum distance spanned in each of  the axes 
(lateral/apico-basal) and while predominantly apico-basal in wt PRs, it is 
shifted towards a more lateral movement in cc2d2a-/- rods (p=0.005, Stu-
dent’s t-test). Given that cell-shape is grossly maintained in cc2d2a-/- PRs, 
this difference could be explained by enhanced difficulty to move through 
accumulated vesicles. 
Given the model whereby Rab8 coats opsin-carrier vesicles delivering op-
Figure 6. Rab8-trafficking kinetics are conserved between different paralogs in wt rods and cones and in cc2d2a-/- photo-
receptors
(A-F) Quantification for various parameters generated by tracking of tagged Rab8 particles on 10-minute long videos recorded at 1 frame/
second. 13 photoreceptors (PRs) per group (5 different conditions) were analyzed: PRs expressing mCherry-Rab8a in wt cones (orange 
circles), wt rods (orange squares) and cc2d2a-/- rods (blue inverted triangles) as well as PRs expressing mCherry-tagged Rab8-like in wt 
rods (orange triangles) and cc2d2a-/- rods (blue diamonds). Each dot in the scatter plots represents the average value of all the particles 
present in 1 PR. Only particles present in ≥10 frames were analyzed. (A) Puncta displacement measured as the distance between the 
first set of coordinates and the last set of coordinates. Average displacement was close to 1 µm for all conditions. (B) Maximum speed 
of puncta was about 1 µm/s in all conditions. (C) Puncta directionality measured as the ratio of distance spanned in the lateral axis over 
the distance spanned in the apico-basal axis indicates a predominantly apico-basal movement in all conditions. (D) Puncta size. (E) Mi-
nimum number of puncta per PR present in any one frame: on average, 4-8 puncta per PR were present at a given time. (F) Proportion 
of puncta contacting the BB. * p < 0.05, ** p < 0.01, *** p < 0.001, n.s. not significant. Note consistent results between Rab8a-puncta in 
cones and rods, between Rab8a and Rab8-like puncta in rods and between wt and cc2d2a-/- rods for both paralogues for the majority 
of parameters.
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sins to the base of  the ciliary compartment, supported by our findings so far, 
we next quantified the relative  number of  particles reaching the periciliary 
membrane region and approaching the basal body (BB) (Fig. 6 F). We did 
not observe a significant difference between wt and cc2d2a-/- PRs for either 
of  the Rab8 paralogs with respect to BB-contacting over the 10 minute 
duration of  the movies. The absolute number of  Rab8 particles coming in 
proximity with the BB varied widely between different PRs in both wt and 
mutants, ranging from 0 to 10 in wt and 0 to 28 in mutants.  We conclude 
that loss of  Cc2d2a function does not directly affect Rab8-trafficking. 
Loss of Cc2d2a function results in mislocalization of the t-SNARE 
SNAP25 at the periciliary membrane
Because the massive accumulation of  vesicles in cc2d2a-/- PRs occurs only 
apically and Rab8-trafficking seems unaffected, we hypothesized that the 
trafficking defect observed in these mutants must happen at late steps of  
the trafficking process, namely vesicle fusion. Therefore, we focused on the 
fusion machinery components at the ciliary base. It was previously shown 
Figure 7. SNAP25 mislocalizes in 
OSs and accumulated vesicles of 
cc2d2a-/- PRs
(A-C’) 4 dpf cryosections of wildtype 
(wt) (A-A’), cc2d2a-/- (B-B’) and ift88-
/- (C-C’) retinae stained for SNAP25 
(grayscale in A-C and green in A’-C’) 
and counterstained with BODIPY (ma-
genta). Note that in wt (A-A’) SNAP25 
localizes between the mitochondrial 
cluster and the outer segment (OS) 
(arrowhead), along the plasma mem-
brane and at the synapse. In cc-
2d2a-/- (B and B’), SNAP25 synaptic 
localization is preserved but apical mis-
localization to a membrane-rich com-
partment (BODIPY, arrows) is obvious. 
(C and C’) Despite absence of OSs 
in the ift88-/- ciliary mutant, SNAP25 
localizes correctly at the apical mem-
brane of PRs. (D-E’) 5 dpf Correlative 
Light and Electron Microscopy (CLEM) 
retinal sections stained for SNAP25 
(green), counterstained with BODIPY 
(magenta) and DAPI (blue). (D’ and E’) 
are higher magnification images of the 
boxed areas in (D and E). In wt PRs, 
SNAP25 signal is found at the IS api-
cal membrane (white arrowhead) and 
along the calycal processes (yellow 
arrowhead) (D and D’). In contrast, in 
cc2d2a-/- PRs (E and E’), SNAP25 
prominently mislocalizes in dysmor-
phic OSs and in accumulated vesicles 
(black arrowheads, v). Scale bars are 
10 μm in A-C’, 5 μm in D and E; and 2 
μm in D’ and E’. OS outer segment, m 
mitochondria, N nuclei, v vesicles.
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that the t-SNAREs required for the delivery of  OCVs in frog (Mazelova 
et al., 2009) and mammalian (Greenlee et al., 2001) retina are SNAP25 
and Syntaxin3. We therefore performed immunostaining to determine the 
localization of  these proteins at 4 dpf  and 6 dpf. We found SNAP25 loca-
lization along the plasma membrane, including the periciliary membrane 
(white arrowheads Fig. 7 A-A’ and D’), the inner segment (IS) membra-
ne, the calycal process membrane (yellow arrowhead Fig. 7 D’) and at the 
synapse (Fig. 7 A-A’, D) in wt animals, consistent with previous reports. 
In cc2d2a-/- PRs, however, SNAP25 was mislocalized apically in a mem-
branous compartment (Fig. 7 B-B’) that we identified as dysmorphic OSs 
and accumulated vesicles by CLEM (black arrowheads in Fig. 7 E’). On 
the other hand, the synaptic localization of  SNAP25 was unaffected in 
cc2d2a-/- PR, suggesting again a ciliary-specific effect. This effect was pri-
mary and specific to loss of  Cc2d2a, as it was observed at early stages (4 
dpf) in cc2d2a-/- retina and was not present in PRs of  the ciliary mutant 
oval/ift88, defective for intraflagellar transport (IFT) and unable to form 
OSs (Fig. 7 C-C’). Taken together, our data suggest that Cc2d2a is required 
for the correct localization of  SNAP25 at the periciliary membrane.
Decreased levels of the t-SNARE Syntaxin3 and of the Exocyst in 
cc2d2a-/- retina
We next turned to the second known t-SNARE involved in fusion of  OCVs 
in PRs, Syntaxin3. We found Syntaxin3 localization to mirror SNAP25 
localization in wild-type PRs at the plasma membrane, including the pe-
riciliary membrane and the calycal processes and at the synapse both at 
4 dpf  and 6 dpf  (Fig. 8 A-A’, C-C’). In 4 dpf  cc2d2a-/- PRs we observed 
minor mislocalization of  Syntaxin3 (Fig. 8 B-B’, arrowhead), which was 
much less prominent than for SNAP25 and decreased further at 6 dpf  (Fig. 
8 D-D’). However, at both time points we consistently observed a strong 
decrease in fluorescence intensity. We confirmed that Syntaxin3 protein 
levels were depleted by 20% by western blot (p=0.019, Student’s t-test after 
normalization to wt levels) on whole 6 dpf  larval eyes (Fig. 8 E and Fig. S6) 
and qRT-PCR revealed that the Syntaxin3 mRNA levels were similarly 
decreased by 20% (p=0.0061, Student’s t-test after normalization to wt 
levels) at this time point. In contrast, transcript levels for other fusion or 
tethering machinery components were unaffected, including SNAP25 (Fig. 
8 F). We next focused our analysis on components of  the Exocyst, which is 
a tethering complex involved in most exocytosis processes, downstream of  
Rab-mediated targeting and upstream of  SNARE-mediated fusion. Speci-
fically, we measured levels of  the Sec8 homolog Exoc4, which is a predic-
ted interactor of  Rab8, as a surrogate for the whole Exocyst complex and 
found these to be decreased by 45% by western blot at 6 dpf  (Fig. 8 E and 
Fig. S6) (p=0.033, Student’s t-test after normalization to wt levels), while 
Exoc4 transcript levels were unaffected (Fig. 8 F). Thus, Exoc4 is degraded 
and Syntaxin3 is downregulated in cc2d2a-/- eyes. Collectively, our data 
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suggest that loss of  Cc2d2a leads to mislocalization and/or downregula-
tion of  various components required for fusion of  OCVs at the periciliary 
membrane.
Discussion
Primary cilia are devoted to the transduction of  a plethora of  signals crucial 
for embryonic development, adult tissue homeostasis and interpretation of  
environmental stimuli, such as light (Baker and Beales, 2009). Therefore, 
regulation of  ciliary protein content, in particular of  the transmembrane 
signal receptors and channels, is indispensable for primary cilium function 
(Singla and Reiter, 2006). While the ciliary transition zone (TZ) is thought 
to act as a gatekeeper in this process (Szymanska and Johnson, 2012), its 
link to upstream protein sorting mechanisms provided by polarized vesicu-
lar trafficking has not been elucidated so far. Our study using CC2D2A as 
a representative TZ protein and relying on novel imaging technology with 
CLEM and live imaging of  Rab8-trafficking in photoreceptors in a whole 
tissue context, identifies a role for CC2D2A in the last steps of  trafficking, 
namely vesicle fusion. Furthermore, our work provides novel evidence in 
support of  a role for Rab8a in opsin-carrier vesicle (OCVs) trafficking in 
photoreceptors and suggests that this trafficking is only indirectly affected 
by dysfunction of  the TZ, which is in agreement with the fact that Rab8 
Figure 8. Proteins involved in OCV 
fusion are affected by loss of Cc-
2d2a function
4 dpf cryosections of wildtype (wt) (A-
A’) and cc2d2a-/- retinae (B-B’) and 6 
dpf cryosections of wildtype (C-C’) and 
cc2d2a-/- retinae (D-D’), all stained for 
Syntaxin3 (Stx3) (grayscale in A-D and 
green in A’-D’) and counterstained with 
DiO (A’,B’) or BODIPY (C’,D’) (both 
magenta) to label membranes. Note 
that in wt PRs at both timepoints, Stx3 
localizes between the mitochondrial 
cluster and the OS, along the plasma 
membrane and at the synapse (A’, C’), 
similar to SNAP25. While minimal Stx3 
mislocalization to a membraneous 
compartment is visible in cc2d2a-/- 
(arrowhead B’), the most striking diffe-
rence in the mutant is the decreased 
fluorescent intensity (B’, D’). (E) Wes-
tern blot on whole eye lysates at 6 dpf 
confirms depletion of Stx3 by approx. 
20% in cc2d2a-/-. In addition, pro-
tein levels of the Exocyst component 
Exoc4 are decreased by approx. 45%. 
(F) qRT-PCR shows a significant de-
crease in the transcript levels of Stx3 
in cc2d2a-/- whole eyes, mirroring the 
20% depletion found by western blot. 
SNAP25 and Exoc4 transcripts are not 
significantly affected in cc2d2a-/-. ** p 
< 0.01.
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and motor protein recruitment to opsin-carrier vesicles occurs in the cyto-
plasm, upstream of  the TZ (Wang and Deretic, 2015). 
The vesicle fusion defects observed in cc2d2a-/- PRs are secondary to mislo-
calization (SNAP25), downregulation (Syntaxin3) and degradation (Exoc4) 
of  the vesicle fusion machinery at the periciliary region. These vesicle 
fusion defects are ciliary-specific, despite the broader localization of  the 
analyzed SNAREs along the PR cell membrane, since delivery of  non-ci-
liary proteins to other highly organized membrane compartments such as 
the synapse remains unaffected. Furthermore, SNAP25 mislocalization as 
seen in cc2d2a-/- PRs is not observed in the non-TZ ciliary mutant ift88-/-, 
which also lacks vesicle accumulation ((Sukumaran and Perkins, 2009) and 
data not shown), strongly suggesting that the fusion machinery defects are 
specific to loss of  Cc2d2a/TZ function. 
We have previously shown CC2D2A to interact with NINL (Bach-
mann-Gagescu et al., 2015b), a centrosomal protein that also interacts with 
dynein-dynactin motor proteins and MICAL3, a proposed Rab8 effector 
(Grigoriev et al., 2011). Both Rab8 and MICAL3 have catalytic properties 
that can modify cortical actin cytoskeleton (Peranen et al., 1996; Grigoriev 
et al., 2011; Giridharan and Caplan, 2014), thus facilitating vesicle docking 
(Williams, 2004). In addition, Rab8 recruits the Exocyst to initiate vesicle 
fusion (Essid et al., 2012; Heider and Munson, 2012). Taken together with 
the data presented in this work, we propose a model whereby Cc2d2a at 
Figure 9. Model
Rab8 coats opsin-carrier-vesicles and 
targets them to the periciliary membra-
ne, where their fusion is mediated by 
the Exocyst and by SNAREs including 
SNAP25 and Syntaxin 3 (and by an 
as yet undefined v-SNARE). CC2D2A 
at the transition zone is required for 
correct localization of SNAP25 to the 
periciliary membrane and provides 
a docking point for incoming vesi-
cles through its interaction with NINL, 
which also binds the dynein motor and 
the Rab8 effector MICAL3. Thus, CC-
2D2A plays a role in concentrating all 
components required for correct vesi-
cle fusion at the periciliary membrane.
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the TZ may provide a docking point for incoming OCVs through its inter-
action with NINL and control the localization of  the t-SNAREs required 
for fusion, thereby bringing all components required for vesicle fusion in 
proximity with each other at the periciliary region (Fig. 9). 
The mechanisms underlying SNAP25 mislocalization, and Syntaxin3 
downregulation/Exoc4 degradation, remain to be elucidated. Previous 
work has shown that SNAREs can be downregulated if  their interactors 
are missing or not appropriately localized (Toonen and Verhage, 2003). 
Given the observed mislocalization of  SNAP25, the cell might try to pre-
vent aberrant fusion of  OCVs to the wrong membranes by downregulat-
ing Syntaxin3, depleting the Exocyst and reducing the amount of  Rab8 
engaged on OCVs. SNARE mislocalization was described in the ciliopa-
thy bbs17-/- mouse model, where Syntaxin3 and Stx1bp are mislocalized 
in the OSs of  mutant PRs (Datta et al., 2015). The authors propose that 
Bbs17 is required for retrograde transport of  proteins out of  the ciliary 
compartment. In our experiments, accumulation of  SNAP25-positive vesi-
cles occurred in cc2d2a-/- PRs even before and in the absence of  formation 
of  OSs, speaking against a role for Cc2d2a in active retrograde transport. 
SNAP25 does not possess a transmembrane domain but is inserted in the 
target membrane through palmitoylation; thus, its localization might be 
influenced by the lipid composition of  the periciliary membrane (Loranger 
and Linder, 2002). Other proteins regulating intracellular trafficking such 
as FIP3 or Exocyst subunits contain phosphatidylinositol (PIP)-binding do-
mains that can be highly specific for certain phospholipids (Novick and 
Guo, 2002; Williams, 2004) and SNAREs are arranged around cholesterol 
and PIP2-rich membrane microdomains (Lang et al., 2001; Davletov et al., 
2007; Balla et al., 2012). OCV delivery was shown to depend on PIP2 rec-
ognition by FIP3 and to be enhanced by providing docosahexaenoic acid 
to the PRs (Mazelova et al., 2009; Wang and Deretic, 2015). Moreover, 
MICAL3 recognizes membrane-associated proteins bound to specific PIPs 
as the vesicle “landing site” (Lansbergen et al., 2006; Grigoriev et al., 2011). 
Finally, the JBTS protein INPP5E, whose ciliary localization depends on 
the TZ (Garcia-Gonzalo et al., 2015; Slaats et al., 2016), plays a crucial role 
in regulating ciliary PIP content. Loss of  Cc2d2a at the TZ could therefore 
impact the balance of  phosphoinositides not only in the ciliary, but also in 
the periciliary membrane, which could in turn lead to mislocalization of  
SNAP25, a hypothesis that requires further investigations.
A large body of  work has characterized OCV trafficking and opsin deliv-
ery to the OSs. The generally accepted model for OCV sorting stipulates 
that Rhodopsin is recognized at the trans-Golgi network by Arf4 which 
recruits ASAP1, allowing the OCVs to bud off from the Golgi apparatus. 
While being transported along the microtubule network to the periciliary 
membrane using a dynein motor, Rab11 substitutes Arf4 and recruits its 
effector FIP3, which in turn recruits Rabin8, which binds and activates 
Rab8, priming the OCV for its fusion (Wang and Deretic, 2015). However, 
a recent publication has questioned this model, suggesting that Rab8a and 
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Rab8b paralogs are dispensable for Rhodopsin transport, based on lack 
of  a retinal phenotype in double knockout mice with additional expres-
sion of  dominant negative forms of  the Rab8 activator protein Rab11 and 
the closest Rab8 relative Rab10 (Ying et al., 2016). Our study relying on 
live imaging of  tagged Rab8 in photoreceptors supports a role for Rab8 
paralogs in rhodopsin transport, based on co-localization of  tagged Rabs 
with opsins on vesicular structures and on the movement pattern of  Rab8 
particles with apico-basal directionality towards the BB (as expected with 
movement along microtubules) at a speed consistent with dynein-driven 
transport (Howard, 2001). Moreover, our work investigated for the first 
time both rod and cone PRs with respect to Rab8-trafficking, and found 
no biologically relevant difference, indicating that OCV trafficking occurs 
similarly in both PR types. Our findings also support redundancy between 
Rab8 paralogs, which might extend to other Rabs as well. While one of  the 
Rab8 paralogs might dominate in the physiologic situation, the other Rab8 
paralogs, and potentially additional Rabs such as the closest Rab8-relatives 
Rab10 and Rab13, may be able to take over in case of  loss-of-function of  
one Rab8 paralog. While Rabs are thought to provide membrane specific-
ity, given the high amount of  genes (close to 70 in humans) and their high 
degree of  sequence conservation, redundancy may be operating in case of  
disruptions. In this framework, where many of  the components could be 
redundant in trafficking, the function of  the TZ would be bringing all the 
components together to engage fusion.
Association of  mutations in Exocyst components with ciliopathies, in par-
ticular JBTS (Dixon-Salazar et al., 2012; Martin-Urdiroz et al., 2016), 
suggest that the mechanisms uncovered in this work to explain the ciliary 
dysfunction in cc2d2a-/- PRs, might represent a more general mechanism 
underlying JBTS. Since about half  of  JBTS proteins are TZ proteins, ab-
normal ciliary protein composition through a similar trafficking/fusion de-
fect could represent a common pathogenic mechanism underlying JBTS. 
Initial studies of  JBTS genes often suggested ciliogenesis defects for TZ 
proteins based on cell culture experiments. Likewise, for Cc2d2a, one mouse 
model showed a BB docking defect leading to complete absence of  cilia 
(Veleri et al., 2014). On the other hand, another Cc2d2a mouse knock-out 
had deficient ciliogenesis in only a subset of  cell types, while others formed 
normal cilia, albeit with abnormal protein content (Garcia-Gonzalo et al., 
2011). Given that vertebrate animal models display very early embryonic 
lethality in complete absence of  cilia, it is unlikely that major ciliogenesis 
defects could lead to the relatively milder phenotypes of  JBTS in humans. 
In accordance with this, our zebrafish cc2d2a model does not display BB 
docking or ciliogenesis defects, despite being a null mutant (Bachmann-Ga-
gescu et al., 2011). 
Taken together, our findings suggest that dysfunction of  the TZ leads to 
disorganization of  the vesicle fusion machinery, causing accumulation 
of  ciliary-bound vesicles, secondary trafficking defects and aberrant pro-
tein content of  the ciliary membrane. This is consistent with the ascribed 
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gate-keeper function of  the TZ, but suggests a more complex and active 
role, influencing both sides of  the barrier. Further work will be required to 
elucidate the precise mechanisms through which individual TZ proteins af-
fect the periciliary membrane, in our quest to uncovering the pathogenesis 
underlying JBTS.
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Methods
Zebrafish maintenance and breeding
Zebrafish (Danio rerio) were maintained as described (Mullins et al., 1994). 
Embryos were obtained through natural matings, raised at 28°C in embryo 
medium and staged according to development in days post fertilization 
(dpf) (Kimmel et al., 1995). 0.003% PTU (1-phenyl-2-thiourea) in embryo 
medium was used to inhibit melanin synthesis during larval development 
and facilitate fluorescent microscopy. All animal protocols were in compli-
ance with internationally recognized guidelines for the use of  fish in bio-
medical research and all experiments were approved by the local authori-
ties (Veterinäramt Zürich TV4206).
Zebrafish lines 
The cc2d2auw38, the ift88tz288 and the casper mutants were previously described 
(Owens et al., 2008; White et al., 2008; Sukumaran and Perkins, 2009; 
Bachmann-Gagescu et al., 2011). Stable zebrafish transgenic lines used 
in this study included Tg(rhod:mCherry-rab8a), Tg(rhod:mCherry-rab8b-like) 
(Bachmann-Gagescu et al., 2011), Tg(tacp:mCherry-rab8a), Tg(rhod:hCen-
trin-GFP), Tg(tacp:hCentrin-GFP); the latter three lines were generated in this 
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study (see next paragraph). Constructs injected transiently included rhod:m-
Cherry-rab3aa (generated in this study) and hsp70:rhod-GFP (a gift from J. 
Malicki (Zhao and Malicki, 2011)).
Construct and transgenic line generation
RT-PCR was performed using cDNA obtained from whole larvae at 5 
dpf  to generate a Gateway® (Invitrogen) p3’ entry clone including the full 
length coding sequence for Rab3aa (NM_001003419.1). The following 





Gateway® (Invitrogen) recombination was performed using the Tol2 sys-
tem (Kwan et al., 2007). p5’ entry clones included the rod-specific rhodop-
sin promoter (gift from the Link lab) or the cone-specific alpha-transducin 
promoter (tacp, (Lewis et al., 2010)). mCherry or GFP middle-entry clones 
and p3’ entry clones containing the human Centrin sequence (gift from the 
Link lab), the Rab3aa and the Rab8a zebrafish sequence (NM_001089562; 
gift from Beales lab) were used to generate N-terminal fusions of  Rab pro-
teins or Centrin. The resulting constructs were co-injected with Tol2 trans-
posase mRNA as previously described (Kawakami, 2007) into 1-cell stage 
embryos. Injected fish were either imaged (transients) or raised and further 
outcrossed to casper zebrafish for at least two generations.
Annotation of Rab cDNAs
As gene predictions within GenBank are produced by automated processes 
which have been shown to contain numerous errors, Rab cDNA sequences 
used in this study were manually annotated. Sequences were identified and 
annotated using combined information from expressed sequence tags and 
genome databases (GeneBank, http://www.ncbi.nlm.nih.gov; Ensembl, 
http://www.ensembl.org/index.html). Human and mouse sequences were 
used as initial query (for more details on sequence annotation see Gese-
mann et al. 2010).
Phylogenetic Analysis
The phylogenetic analysis was performed on the Phylogeny.fr platform 
(http://www.phylogeny.fr/) comprising the following steps (Dereeper et al. 
2008). Sequences were aligned using MUSCLE (v3.7) (Edgar, 2004) con-
figured for highest accuracy (MUSCLE with default settings). Sequences 
length varied between 700 and 214 amino acids. After alignment, ambig-
uous regions (i.e. containing gaps and/or poorly aligned) were removed 
using Gblocks (v0.91b) (Castresana, 2000). The following parameters were 
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implemented: The minimum length of  a block after gap cleaning was set to 
5; positions with a gap in less than 50% of  the sequences were selected in 
the final alignment if  they were within an appropriate block; all segments 
with contiguous non-conserved positions bigger than 8 were rejected; min-
imum number of  sequences for a flank position were 55%. After curation 
203 amino acids were chosen for further analysis. The phylogenetic tree 
was reconstructed using the maximum likelihood method implemented 
in the PhyML program (v3.0 aLRT) (Guindon and Gascuel, 2003). The 
default substitution model was selected assuming an estimated proportion 
of  invariant sites (of  0.000) and 4 gamma-distributed rate categories to ac-
count for rate heterogeneity across sites. The gamma shape parameter was 
estimated directly from the data (gamma=0.728). Reliability for internal 
branch was assessed using the aLRT test (Anisimova and Gascuel, 2006). 
Graphical representation and edition of  the phylogenetic tree were per-
formed with TreeDyn (v198.3) and the .svg file imported into CorelDraw 
(version x5; Corel Corporation Ottawa, Canada) for final editing. 
Transmission electron microscopy (TEM)
Zebrafish larvae were fixed overnight at 4°C in a freshly prepared mixture 
of  2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium cac-
odylate buffer (pH 7.4). After rinsing in buffer, specimens were washed in 
1% osmiumtetroxide and 1% potassiumferrocyanide in 0.1 M sodiumcac-
odylate buffer (pH 7.4), during 2 h at room temperature. After rinsing, tis-
sues were dehydrated through a graded series of  ethanol and embedded in 
epon. Ultrathin sections (70 nm) comprising zebrafish eyes were collected 
on formvar coated grids, subsequently stained with 2% uranyl acetate and 
Reynold’s lead citrate, and examined with a Philips CM-100 scope.
Correlative light and electron microscopy (CLEM)
A detailed protocol will be available at JoVE (manuscript in press). Brief-
ly, 5 dpf  old larvae were euthanised in Tricaine (ethyl 3-aminobenzoate 
methanesulfonate, Sigma-Aldrich) and their sectioned heads fixed in 4% 
formaldehyde/0.025% glutaraldehyde in cacodylate buffer overnight at 
4°C. Eyes were dissected out in fixative, washed in PBS, embedded in 12% 
gelatin in 0.1 M PBS at 40°C, cooled down and immersed and stored in 
2.3 M sucrose at 4°C. Prepared samples were frozen in liquid nitrogen and 
sectioned with a cryo-ultramicrotome (Ultracut EM FC6, Leica Microsys-
tems). 100 nm ultrathin sections were transferred to a 7 x 7 mm silicon 
wafer (Si-Mat Silicon Materials) and stored at 4°C.
Sections were stained with mouse anti-rhodopsin (4D2, gift from R. Mol-
day, University of  British Columbia) 1:100, rabbit anti-SNAP25 1:250 
(StressGen Biotechnologies), chicken anti-mCherry 1:50 (Abcam) and 
counterstained when necessary with BODIPY®TR methyl ester (Invit-
rogen) 1:100 and DAPI (4′,6-diamidino-2-phenylindole dihydrochloride) 
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1:100. Alexa Fluor 488-conjugated secondary antibodies (Life Technolo-
gies) were used at 1:200. After confocal microscopy, samples were postfixed 
with 0.1% glutaraldehyde in PBS, covered with a thin layer of  methylcel-
lulose and coated with 10 nm Platinum/Carbon by rotary shadowing at 
an angle of  8 degrees. SEM images were taken using a Zeiss Supra 50 VP 
and a Zeiss Auriga 40 SEM. Alignment of  light and electron microscopy 
images was done with the open-source platform Fiji, based on manually 
inserted landmarks from the nuclear DAPI signal and using the TrakEM2 
plugin. At least 3 animals per condition were used for CLEM.
Live imaging
Transiently injected Tg(rhod:mCherry-rab3aa) and stable Tg(rhod:mCherry-ra-
b8a ; rhod:GFP-hCentrin), Tg(rhod:mCherry-rab8b-like ; rhod:GFP-hCentrin) and 
Tg(tacp:mCherry-rab8a) 5 dpf  zebrafish larvae were anesthetized in Tricaine, 
embedded in 1.8% low melting agarose (Lonza), mounted on glass-bot-
tom Petri dishes and covered with Tricaine-supplemented embryo medi-
um. Time-lapse videos were obtained in a single focal plane using a 60x 
objective in a Nikon Eclipse Ti spinning disk microscope. The acquisition 
lasted for 10 min at a rate of  1 frame per second including both channels 
(488 nm and 561 nm). 13 photoreceptors from 4-7 animals per condition 
were imaged.
Tracking and video analysis
Time-lapse live imaging videos were registered using the MultiStackReg 
plugin in Fiji. To avoid sampling error carryover, only three to four pho-
toreceptors (PRs) were selected per animal for analysis. The analyzed PRs 
were randomly picked (random.org) from the pool of  eligible PRs in the 
videos. The chosen PRs were first isolated using Fiji followed by signal 
segmentation and automated tracking using the respective pipelines in the 
open-source software Ilastik (versions 1.1.5, 1.1.7 and 1.2.0 (Sommer et al., 
2011)). Segmentation cues were provided every 5 to 10 frames. Segmented 
videos were processed for tracking using sigma values of  0.1 for Gaussian 
blurring and a threshold between 0.29 and 0.31. Potential objects were only 
considered when they had a minimum size of  2 pixels. Optimized tracking 
parameters were: max. number of  objects per merger = 1, division weight 
= 10, transition weight = 3, appearance cost = 9, disappearance cost = 47. 
Objects were not considered divisible. The minimum number of  particles 
per PR was determined by counting the highest number of  particles visible 
in any one frame. 
The selected software outputs were the particle pixel count per frame (used 
to determine the average size of  particles) and the raw coordinates of  the 
particle barycenter in each frame (used to calculate the distance, maxi-
mum speed, displacement (measured as the distance between the first and 
the last set of  coordinates of  a particle), and trajectory (measured as the 
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summation of  all the distances travelled by a particle)). Directionality was 
expressed as the quotient of  the maximum distance spanned in the lateral 
X axis over the maximum distance spanned in the apico-basal Y axis (after 
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sinθ). Thus, results <1 represent apico-basally directed movement. A parti-
cle approaching the BB was considered to reach the periciliary membrane 
(determined as a “contact”) when the barycenter coordinates of  the par-
ticle were within a 3 pixel radius (630nm) from the barycenter of  the BB. 
Immunohistochemistry
Zebrafish larvae were fixed in 4% PFA at room temperature (RT) for 30 
min, embedded in Neg50 (Richard-Allan Scientific) and cryosectioned fol-
lowing standard protocols. Non-specific binding was blocked using PBDT 
(PBS, 1% DMSO, 0.5% Triton X-100, 2mg/ml BSA) with 10% goat serum 
for 30 minutes at RT before incubation with primary antibodies overnight 
at 4°C. Primary antibodies were rabbit anti-Syntaxin3 (1:400, Alomone 
labs), rabbit anti-SNAP25 (1:1000, StressGen Biotechnologies), mouse 
monoclonal anti-Rab8a (1:100, Novus Biologicals), rabbit anti-Cacna1fa 
(1:5000, a gift from Michael Taylor, UW Wisconsin) (Jia et al., 2014). Sec-
ondary antibodies were Alexa Fluor-conjugated goat anti-rabbit or goat 
anti-mouse IgG (1:400, Life Technologies). BODIPY®TR methyl ester 
(1:300, Invitrogen) was applied for 20 min and nuclei were counterstained 
with DAPI. Confocal imaging was performed on a Leica HCS LSI or a 
Leica SP5 microscope. All IHC experiments were performed at least in 
duplicate with at least 10 animals per condition.
Western blot
6 dpf  zebrafish larvae were anesthetized in Tricaine. Whole larval eyes 
were dissected and collected in PBS. Samples were lysated using a Sonopuls 
HD 2070 sonicator in urea buffer (65 mM Tris HCl pH 6.75, 8 M urea, 
20% glycerine, 5% SDS, 5% β-mercaptoethanol) in the presence of  pro-
tease inhibitors (cOmplete EDTA-free Protease Inhibitor Cocktail, Roche) 
and electrophoresed under reducing conditions on Mini-PROTEAN TGX 
4-15% precast polyacrylamide gels (Bio-Rad). Proteins were transferred 
to a polyvinylidene difluoride (PVDF) membrane (Invitrogen). Nonspe-
cific antibody binding was inhibited by incubation in PBST (PBS, 0.05% 
Tween-20) supplemented with 3% skimmed milk powder. Membranes 
were probed using antibodies against Syntaxin3 (rabbit, 1:2000, Alomone 
labs), rSec8 (mouse, 1:1000, Enzo) and β-actin (mouse, 1:1000, Sigma). 
HRP-conjugated goat anti-mouse (1:3000, Merck) or anti-rabbit (1:5000, 
Merck) were used to detect proteins of  interest, visualized by chemilumi-
nescence using luminol/peroxide substrate (SuperSignal West Dura Ex-
tended Duration Substrate, Life Technologies) and an ImageQuant LAS 
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4000 imager.
Quantitative reverse transcription polymerase chain reaction (qRT-
PCR)
6 dpf  zebrafish larvae were anesthetized in Tricaine. Whole larval eyes 
were dissected and collected in RNAlater (Sigma-Aldrich). RNA was ex-
tracted with the NucleoSpin RNA II kit (Macherey-Nagel) and reverse 
transcription was performed with 150 ng RNA using the Superscript III 
kit (Life Technologies). qRT-PCR was performed in a transcriptor (Ap-
plied Biosystems Prism SDS 7900HT, Life Technologies) using the MESA 
Green kit (Eurogentec, Seraing, Belgium). Primer pairs were specifically 
designed to generate short amplicons spanning exon-exon boundaries to 
avoid unspecific amplification of  genomic DNA. Primer sequences are the 
following (amplicon size stated next to the reverse primer):
Syntaxin3 forward: 5’-CAACGTCAGACCAGAAAAC-3’
Syntaxin3 reverse: 5’-GGCCGATACTCTTTCCAC-3’. 137 bp
SNAP25 forward: 5’-GGATATGCGCAATGAGC-3’
SNAP25 reverse: 5’-CCTGATACCAGCATCTTTAC-3’. 121 bp
Exoc4 forward: 5’-CAGCCGCGTAGTTCAAC-3’
Exoc4 reverse: 5’-ACGCAAGCTGGATGTTC-3’. 148 bp
As reference for normalization, the previously published primers (Tang et 
al., 2007) for the housekeeping genes rpl-13α (ribosomal protein L-13a), 
EF1α (elongation factor 1 alpha), and beta-actin were used.
Statistics
All statistical tests were run using GraphPad Prism. Student’s t-tests were 
used for pairwise comparisons between wild-type (wt) and cc2d2a-/- to 
analyze tracking, western blot and qRT-PCR results. Western blot and 
qRT-PCR results were first normalized to the wt levels. Because parame-
ters relative to periciliary membrane contact do not have a normal distri-
bution, we used a Mann-Whitney U-test instead of  a t-test. ANOVA was 
used to compare kinetic parameters between wt Rab8a cones, wt Rab8a 
rods and wt Rab8b-like rods.  
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Supplemetary material
Supplementary figure 1. BB docking occurs normally in cc2d2a-/- PRs
5 dpf CLEM sections of a tg(TaCP:GFP-hCentrin) wildtype (A) and cc2d2a-/- (B) fish counterstained with DAPI (blue, nuclei). GFP-Cen-
trin-labeled basal bodies (BBs) (green) localize at the apical membrane of both wildtype and mutant animals. (A’) BB is docked right below 
the outer segment (white arrowhead), apical to the daughter centriole (yellow arrowhead) in wt. (B’) BB (white arrowhead) is localized 
correctly in cc2d2a-/- PRs even when the OSs appear dysmorphic and disorganized. Scale bars are 4 μm in A-B and 2 μm in A’-B’. 
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Supplementary figure 2. Polarized trafficking of transmembrane proteins not targeted to cilium occurs normally in cc2d2a-/- 
PRs
Retinal cryosections of 4 dpf (A-B) and 6 dpf (C-D) wildtype (A, C) and cc2d2a-/- (B, D) zebrafish, stained with an antibody against 
Cacna1fa (green), an L-type calcium channel that localizes to the synapse, and counterstained with DAPI (nuclei, blue) and BODIPY 
(outer segments and mitochondrial cluster, magenta). (A’-D’) Close-ups of the synaptic regions boxed in A-D. Note how Cacna1fa (grey) 
localizes normally in mutant synapses (B’ and D’) compared to wildtype synapses (A’ and C’). Scale bars are 10 μm in all figures.  










































































Human / homo sapiens / hsa
Mouse / mus musculus / mmu
Gray short-tailed opossum / monodelphis domestica / mdo
Nine-banded armadillo / dasypus novemcinctus / dno
Platypus / ornithorhynchus anatinus / oan
Chicken / gallus gallus / gga
Zebra finch / taeniopygia guttata / tgu
Chinese softshell turtle / pelodiscus sinensis / psi
Western clawed frog / xenopus tropicalis / xtr
Coelacanth / latimeria chalumnae / lch
Spotted Gar / lepisosteus oculatus / loc
Zebrafish / danio rerio / dre
Torafugu / takifugu rubripes / tru
Medaka / oryzias latipes / ola
Rab8a
Rab8b
Supplementary figure 3. The zebrafish possess two Rab8b paralogs
Rab sequences of the species indicated were used for phylogenetic reconstructions. Ancient fish species (lacking the teleost specific 
whole genome duplication) are shown in dark red, teleost species are given in bright red, the amphibian species Xenopus tropicalis is 
shown in green, Sauropsidia are marked in orange and mammals are depicted in blue. As an outgroup to root the tree Rab15 sequences 
from the three major species were included. Note that all teleosts have two Rab8b-like genes. The Rab8b variant used in our studies is 
highlighted by a red arrow. 
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Supplementary figure 4. Homology between Rab8 proteins
Amino acid sequences of the the following species were aligned using CLC Main Workbench program (version 6), configured for high 
accuracy: Human (Homo sapiens) has, mouse (Mus musculus) mmu, zebrafish (Danio rerio) dre, torafugu (Takifugu rubripes) tru, medaka 
(Oryzias latipes) ola. Conservation is given by bar graph (pink boxes) and the sequence logo (occurring amino acids at a given position and 
their relative abundance are indicated by letter size). Note that variations in the first 110 amino acids are very rare and are only observed 
in very few of the included sequences.
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Supplementary figure 5. Validation of transgenic Rab8 lines 
An anti-Rab8 antibody (B, E and green in C, F) recognizes mCherry-tagged Rab8a (A, magenta in C) and mCherry-tagged Rab8b-like 
(D, magenta in F) on retinal cryosections of 5 dpf zebrafish. (G) Transmission Electron Microscopy overview of a tg(rhod:mCherry-rab8a) 
retina. Despite variable accumulation of membrane-bound structures in inner segment regions secondary to overexpression of the trans-
genic construct in a subset of PRs (absent in G’, present in G’’), the retinal structure remains normal and extension of outer segments 
is unaffected. Scale bars are 10 μm in A-G and 2 μm in G’ and G’’. OS outer segment, m mitochondria, v vesiculo-tubular structures.
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Supplementary figure 6. Complete western blots for Syntaxin3 and Exoc4
(A and A’) Lysate triplicates of wt and cc2d2a-/- whole eyes probed for (A) Syntaxin3 and (A’) beta-actin in the same blot. beta-actin 
appears at later exposure times. (B and B’) Lysate duplicates of wt and cc2d2a-/- whole eyes probed for (B) Exoc4 and (B’) beta-actin 
after stripping. Fold change was calculated as the band intensity relative to the housekeeping protein control, averaged for all the replica-
tes and repeated in 3 independent blots.
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Chapter 3. Correlative super-resolution 
and electron microscopy to resolve protein 
localization in zebrafish retina

Correlative Light and Electron Microscopy 79
Keywords 
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Short abstract
This protocol describes the necessary steps to obtain subcellular protein 
localization results on zebrafish retina by correlating super-resolution light 
microscopy and scanning electron microscopy images.
Long abstract
We present a method to investigate the subcellular protein localization in 
the larval zebrafish retina by combining super-resolution light microsco-
py and scanning electron microscopy. The sub-diffraction limit resolution 
capabilities of  super-resolution light microscopes allow improving the 
accuracy of  the correlated data. Briefly, 110 nm thick cryo-sections are 
transferred to a silicon wafer and, after immunofluorescence staining, are 
imaged by super-resolution light microscopy. Subsequently, the sections are 
preserved in methylcellulose and platinum shadowed prior to imaging in a 
scanning electron microscope (SEM). The images from these two micros-
copy modalities are easily merged using tissue landmarks with open source 
software. Here we describe the adapted method for the larval zebrafish 
retina. However, this method is also applicable to other types of  tissues and 
organisms. We demonstrate that the complementary information obtained 
by this correlation is able to resolve the expression of  mitochondrial pro-
teins in relation with the membranes and cristae of  mitochondria as well as 
to other compartments of  the cell.
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Introduction
Methods to determine the subcellular localization of  proteins and their 
relationship to different compartments of  the cell are essential tools to un-
derstand their functions and possible interactions. Super-resolution micros-
copy in combination with electron microscopy provides such information 
(Hauser et al., 2017). Ground state depletion microscopy followed by in-
dividual molecule return (GSDIM) is a super-resolution microscopy tech-
nology compatible with a wide range of  organic and genetically encoded 
fluorophores (Dempsey et al., 2011) and achieves a lateral resolution up 
to 20 nm (Fölling et al., 2008). The incorporation of  methods with higher 
resolution than standard diffraction-limited microscopy improves the accu-
racy of  the correlation (Betzig et al., 2006; Kopek et al., 2013; Paez-Segala 
et al., 2015). In order to achieve the best correlation of  protein expression 
with a specific subcellular compartment and to reduce the volume of  un-
certainty (Narayan and Subramaniam, 2015) the use of  the same ultrathin 
section for light and electron microscopy is recommended. Among the dif-
ferent sectioning methods, Tokuyasu cryo-section protocol does not require 
dehydration or resin embedding and, in addition, preserves the antigenicity 
of  many epitopes and provides good tissue ultrastructure (Tokuyasu et al., 
1980). Several methods have demonstrated the applicability of  these sec-
tions in correlative light and electron microscopy (CLEM) (Betzig et al., 
2006; Suleiman et al., 2013; Kopek et al., 2012; Kopek et al., 2013).
The zebrafish retina is a valuable model to study visual development and 
human disease mechanisms given its highly conserved structure and func-
tion across vertebrates. In particular, retinal photoreceptors display the 
same architecture as mammalian photoreceptors, with a basal synapse, an 
apico-basally elongated nucleus, clustering of  mitochondria in the more 
apical inner segment and an outer segment composed of  membrane disks 
in the most apical position (Avanesov and Malicki, 2010). Protein localiza-
tion to the diverse cellular compartments is conserved between zebrafish 
and human, allowing investigation of  the biological function of  human 
disease-relevant proteins (Bachmann-Gagescu et al., 2011; Bachmann-Ga-
gescu et al., 2015).
Here we present a protocol to prepare larval zebrafish retina samples to re-
solve the localization of  the mitochondrial outer membrane protein Tom20 
by correlative super-resolution light and electron microscopy. The method 
is based on collecting cryo-sections on silicon wafers and obtaining contrast 
by topographical information produced after application of  a thin layer of  
platinum. These steps are clear technical improvements in terms of  ease of  
use, reproducibility, and time to complete experiments. We have recently 
demonstrated the applicability of  the method to detect nuclear pores and 
mitochondria proteins in mouse tissue (Mateos et al., 2016).
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Protocol
All experiments were performed in accordance with the ARVO Statement 
for the Use of  Animals in Ophthalmic and Vision Research and were 
approved by the local authorities (Veterinäramt Zürich TV4206).
1. Preparation of ultrathin sections on silicon wafers
1.1. Sample fixation
1.1.1. Prepare the fixative solution containing 0.1% glutaraldehyde, 4% 
formaldehyde in 0.1 M cacodylate buffer. 
Note: CAUTION! Use caution when working with glutaraldehyde, for-
maldehyde and cacodylate buffer, wear appropriate personal protective 
equipment and work in a fume hood.
1.1.2. Euthanize 5 days post fertilization (5 dpf) zebrafish larvae with 
tricaine (ethyl 3-aminobenzoate methanesulfonate, 0.4% w/v in 
PBS, pH 7)) as previously described (Westerfield, 2000).
1.1.3. Fix the larvae by immersion in pre-chilled fixative solution on ice. 
Remove the head and incubate overnight at 4ºC with gentle roc-
king.
1.1.4. Dissect the eyes by trimming the tissue around the eye using fine 
forceps and a microdissection scalpel (under a binocular) in chilled 
fixative solution on a 1% agarose-bedded plate. Transfer the eyes 
to a tube with fresh pre-chilled fixative.
1.1.5. Wash twice in PBS (Phosphate buffer saline, pH 7.4) for 5 min 
each wash at room temperature (RT).
1.2. Gelatin infiltration and mounting. 
1.2.1. Warm up 1 mL local food brand gelatin 12% w/v in PB (Phospha-
te buffer, 0.1 M pH 7.4) at 40ºC. Remove the PBS and add gelatin 
solution to the tubes containing the eyes. Tap the tube gently to en-
sure the gelatin infiltrates the sample and incubate for 10-30 min 
at 40ºC in a thermoblock with gentle shaking or in a water bath.
1.2.2. Fill 12 mm x 5 mm x 3 mm silicon or polyethylene flat embedding 
molds with warm gelatin in a 40ºC water bath. Add two eyes per 
mold using a pipette, align them properly under a binocular using 
a dissection needle and let the gelatin cool down at room tempera-
ture for 1 min and harden at 4°C for 20 min.
1.2.3. Re-trim the gelatin block under the binocular to fit one eye per 
block using a razor blade. 
1.2.4. Transfer the gelatin embedded eyes to 2.3 M sucrose in PBS on ice. 
Incubate at 4 °C overnight.
1.2.5. Exchange to new 2.3 M sucrose solution and store at 4 °C or -20ºC 
after this step, samples are ready for sectioning or can be stored at 
-20ºC for several weeks to months. 
1.2.6. Re-trim the gelatin block to almost the size of  the eye before trans-
ferring to a cryo-pin.
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1.2.7. Freeze in liquid nitrogen and transfer to a cryo-ultramicrotome.
1.3. Cryosectioning
1.3.1. Cut 110 nm thick-sections at -120 °C with a diamond knife in the 
cryo-ultramicrotome.
1.3.2. Pick the sections with a wired loop containing a droplet of  2% 
methylcellulose (in water) and 2.3 M sucrose solution (1:1).
1.3.3. Transfer sections to a 7 mm x 7 mm silicon wafer. Store sections at 
4ºC until further processing.
2. Immunolabelling
2.1. Wash wafers with PBS at 0ºC for 20 on two drops by placing the 
wafers upside down on the drops. Wash in PBS 2 x 2 min at room 
temperature.
2.2. Incubate 3 times in 0.15% glycine in PBS, for 1 min each. Wash 3x 
for 1 min/wash with PBS.
2.3. Pre-incubate with PBG (PBS with 0.5 % Bovine Serum Albumin 
BSA and 0.2 % Gelatin type B) for 5 min.
2.4. Incubate with rabbit anti-Tom20 (see the Table of  Materials) in 
PBG (4 μg/mL) for 30 min at room temperature.
2.5. Wash 6x for 1 min/wash in PBG. Pre-incubate with PBG for 5 
min at RT.
2.6. Incubate with anti-rabbit Alexa 647 F(ab’)
 
(see the Table of  Ma-
terials) in PBG (7.5 μg/mL) for 30 min.
2.7. Wash 6x for 1 min/wash in PBG. Wash 3x 2 min in PBS.
2.8. Incubate with DAPI (4 μg/mL) in PBS for 10 s. Wash 2x 2 min in 
PBS.
3. Super-resolution microscopy
3.1. Incubate the wafer briefly (10 s) by placing it on a droplet of  a 1:1 
solution of  glycerol (80%) and imaging buffer containing an oxy-
gen scavenging system (200 mM Phosphate buffer containing 10% 
glucose, 0.5 mg/mL glucoseoxidase, 40 μg/mL catalase, 15 mM 
beta-mercaptoethylamine hydrochloride (MEA HCL), pH 8.0).
3.2. Transfer the wafers (section facing down) to a glass bottom (thick-
ness 170 ± 5 μm) Petri dish onto a fresh drop of  the 1:1 mixture of  
glycerol (80%) and imaging buffer (as in step 3.1).
3.3. Remove from one side, with a pipette, most of  the liquid under-
neath the wafer.
3.4. Use silicone stripes to fix the wafer to the bottom of  the Petri dish. 
Note: Silicone stripes are made out of  two-component silicone-glue (3 mm 
x 12 mm).
3.5. Image sections on an inverted microscope using a high numerical 
aperture (e.g. 160x / NA 1.43; see the Table of  Materials) oil 
immersion super resolution dedicated objective. 
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3.5.1. Prior to imaging, let the sample equilibrate to microscope tempe-
rature in order to minimize/reduce lateral and axial drift.
3.6. Center the area of  interest and acquire first widefield epifluores-
cence reference images.
3.7. Change to the super resolution operation mode. Adjust the expo-
sure time of  the camera to 15 ms and set the electron multiplying 
(EM) gain to the maximum of  300.
3.8. Illuminate sample with the 642 nm continuous wave laser at maxi-
mum laser power (corresponding to ~2.8 kW/cm2) in epifluores-
cence mode. As soon as the single molecule blinks are well sepa-
rated in each frame, so that the probability is low that individual 
signals overlap, set the laser power to ~0.7 kW/cm2.
3.9. Record the raw image in epifluorescence mode by acquiring a mi-
nimum of  30,000 frames. 
Note: All these parameter can vary depending on different specimens and 
labeling densities.
3.10. From the raw data generate a reconstruction event list (localiza-
tions of  each single molecule blink in the raw image) using a de-
tection threshold of  30 photons (needs to be adjusted according to 
your sample) by clicking “Evaluate” in the t-series analysis under 
tools. 
3.11. Visualize the super resolution image by Gaussian fitting (Thomp-
son et al., 2002) applying a rendering pixel size of  4 nm by clicking 
“Create Image” in the event list processing panel under tools.
Note: For generating the super resolved image the integrated software tools 
of  the system used in this study was employed. However, the described 
super resolution imaging could be done on any other single localization 
based system, as well as the data could be processed with open source sof-
tware tools as thunderSTORM (Ovesny et al., 2014).
4. Platinum shadowing
4.1. Remove silicon stripes and add a drop of  PBS close to the edges of  
the wafer to lift it up from the Petri dish.
4.2. Wash the wafer 2 x 2 min in PBS, then post fix it with 0.1% gluta-
raldehyde in PBS for 5 min. Wash 2x for 2 min/wash in PBS.
4.3. Incubate the wafer twice for 5 min/incubation in 1 drop of  me-
thylcellulose 2% in water on ice.
4.4. Insert the wafer in a centrifuge tube and centrifuge at 14,100 x g 
for 90 s.
4.5. Mount it on a SEM aluminum stub with conducting carbon ce-
ment.
4.6. Add a layer of  2 to 10 nm of  platinum/carbon on the sample by 
rotary shadowing at 8º using an electron beam evaporation device 
settings: 1.55 KV, 55 mA, at 0.3 nm/s, and an angle of  8º, rotation 
level 4.
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5. Scanning electron microscopy
5.1. Image sections with a scanning electron microscope at 1.5 kV, 2 
mm working distance and with an In lens secondary electron de-
tector. 
6. Alignment of light and electron microscopy images
6.1. Open both types of  images with Fiji (Schindelin et al., 2012) by 
clicking ”File/open”. Adjust canvas size by clicking Image/Adjust/
Canvas size and bring both images to a stack by clicking “Image/
Stacks/Images to stack”. Save the stack as tiff file type.
6.2. In Fiji, open a new TrackEM2 (Cardona et al., 2012) interface 
by clicking “File/new/TrackEM2 (new)”. Import the stack with 
both images by right click on the black window and select “import 
stack”.
6.3. Align light microscopy image to electron microscopy image ma-
nually with landmarks by right mouse click on the image and select 
“Align/Align layer manually with landmarks”. 
6.3.1. Pick the select tool (the black arrow) to add landmarks. 
6.3.2. Use the shape of  nuclei as reference to select the same edges in 
both images (Supplementary Figure 1). Add several points (mini-
mum three points need to be selected). Apply alignment with an 
affine model by right mouse click “apply transform” and select 
“affine model”.
6.4. Change layer transparency (Supplementary Figure 1) to assess the 
quality of  the alignment.
Figure 1: CLEM on zebrafish retina
(A) Low magnification widefield ima-
ge of a 5 dpf zebrafish retinal section, 
nuclei stained with DAPI (cyan). (B) 
Scanning electron microscopy of the 
same area. (C) Higher magnification 
widefield image of frame in B. Nuclei 
stained with DAPI (cyan) and Tom20 
mitochondrial staining appears in red. 
(D) Widefield image of same section 
at higher magnification. The pattern of 
Tom20 expression is at the clusters of 
mitochondria. (E) Expression of Tom20 
(red dots) detected by GSDIM micros-
copy. Nuclei stained with DAPI (cyan). 
(F) Same section as E combining co-
rrelative super-resolution and scanning 
electron microscopy. Tom20 staining 
(red dots) appears at the mitochondrial 
cluster (M) at the outer membranes of 
mitochondria. Fluorescence DAPI sig-
nal in the nuclei (N) corresponds with 
the topography of the SEM image. (G) 
High magnification image of frame in 
F. The scanning electron microscopy 
image provides context to the GSDIM 
image (red dots). Mitochondrial cristae 
are clearly visible and the Tom20 stai-
ning is localized to the outer membra-
nes of mitochondria. The membranes 
of the outer segment the photorecep-
tors (OS) are clearly resolved. Image 
pixel size 5 nm. Scale bars: A, B and 
C: 10 μm; D: 2 μm; E and F: 1 μm and 
G: 0.2 μm.
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Representative results
The expression of  the protein Tom20, a subunit of  the translocase mito-
chondrial outer membrane complex (Wurm et al., 2011), was determined, 
in thin sections of  larval zebrafish retina, by super-resolution light micros-
copy (Fig. 1)and this information was complemented with the topographical 
signal obtained by scanning electron microscopy after platinum shadowing 
of  the same sections. These correlative data confirm the localization of  a 
protein in association with a particular compartment, the outer mitochon-
drial membrane and, in addition provide information about the relation of  
the protein with other organelles of  the cell.
Discussion
This method combines super-resolved protein localization with context in-
formation to determine the precise position of  proteins in an organelle. We 
demonstrate here the completion of  the experiment to visualize the expres-
sion of  Tom20 in the outer membrane of  mitochondria, and its relation to 
other organelles like nuclei or outer segments of  the photoreceptor in the 
larval zebrafish retina. 
Tokuyasu cryo-sectioning requires some training to acquire well-preserved 
sections. However, this is a method employed in many laboratories with 
demonstrated success (Slot and Geuze, 2007). Transfer of  the sections to 
the silicon wafer is very simple and no special considerations are needed. 
The use of  glycerol in the imaging buffer is a very critical step to avoid 
drying of  the sections. For super-resolution imaging the best results are 
obtained when the wafer is very close to the glass bottom of  the Petri dish. 
The silicone stripes help maintaining the wafer in this position. Special 
care has to be taken while removing the stripes in order to avoid damaging 
the sections. 
The thickness of  the cryo-sections, around 100 nm, thinner than the opti-
cal resolution in the Z- dimension, additionally facilitates the accuracy of  
this correlative method as the super-resolution microscopy signal is coming 
only from this thin layer and the scanning electron microscope signal is 
displaying the topography of  the sample. This method could also be com-
bined with multicolor imaging. However, special care must be taken that 
the sample can be imaged under same conditions (e.g. imaging buffer) and 
cross talk should be prevented. 
One limitation of  the method is its two dimensional approach, since only a 
limited number of  serial sections (about 3 to 7 per wafer) can be collected. 
Thus, projects dealing with volume analysis would not be ideal. However, it 
is a method that can be applied to detect protein expression in any type of  
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tissue by simple sectioning of  the sample. We provide a method without use 
of  classical contrast agents like uranyl acetate or lead citrate. The contrast 
by platinum shadowing provides very informative topographical contrast, 
but in some cases membranes are difficult to resolve. This may pose pro-
blems for projects which need, for example, to determine the expression of  
proteins in small vesicles.
Our protocol, based on Tokuyasu cryo-sections, uses standard equipment 
to obtain correlative results from super-resolution and scanning electron 
microscopes. The collection of  sections on silicon wafers and the use of  
platinum for contrast are simple steps to provide stability and reproducibi-
lity to the sample preparation.
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Supplementary material
Supplementary Figure 1: Align-
ment of light and electron micros-
copy images
(A) Screenshot from TrackEM2 inter-
face with SEM image and numbered 
landmarks (yellow) along different nu-
clei. (B) Screenshot from TrackEM2 
interface with fluorescence image and 
numbered landmarks (yellow) along di-
fferent DAPI stained nuclei. To change 
layer transparency the sliders on the 
left upper part of the menu can be 
used. Scale bar: 1 μm.
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Chapter 4. The ciliopathy protein TALPID3/
KIAA0586 acts upstream of Rab8 activation in 
zebrafish photoreceptor outer segment formation and 
maintenance
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Abstract
Ciliopathies are a group of  human disorders caused by dysfunction of  
primary cilia, ubiquitous microtubule-based organelles involved in signal 
transduction. Cilia are anchored inside the cell through basal bodies (BBs), 
modified centrioles also acting as microtubule-organization centers. Photo-
receptors (PRs) are sensory neurons, whose primary cilium has evolved into 
a highly specialized compartment called the outer segment (OS) responsi-
ble for sensing incoming light. Thus, ciliopathies often course with retinal 
degeneration.
KIAA0586/TALPID3 (TA3) is a novel ciliopathy gene. Ta3 localizes to cen-
trioles and is required for ciliogenesis in various model organisms through 
a role in BB docking dependent on the small GTPase Rab8. The require-
ment for Ta3 during ciliogenesis precludes the investigation of  potential 
additional roles in ciliary function in mouse or chick models. To address 
this question, we analyzed the role of  Ta3 in retinal photoreceptors of  
zygotic ta3-/- zebrafish mutants, in which maternally-derived Ta3 contri-
bution partially rescues ciliogenesis at early developmental stages. 
Zygotic ta3-/- zebrafish undergo progressive retinal degeneration, with a 
majority of  PRs showing undocked BBs and lack of  OSs with concomitant 
intracellular accumulation of  the photopigment opsin and progressive loss 
of  cell polarity. A subset of  PRs display normally docked BBs and exten-
ded OSs, due to persistence of  maternally-deposited Ta3. However, even 
in PRs with normally docked BBs, we observe progressive shortening of  
OSs, intracellular accumulation of  opsins and loss of  polarized cell shape, 
suggesting roles for Ta3 beyond BB docking in ciliary-directed trafficking 
or cytoskeletal maintenance. While we observe no substantial defects in 
Rab8a recruitment, overexpression of  constitutively active Rab8a rescues 
OS formation but not cell shape abnormalities. Together, these results in-
dicate that the role of  Ta3 in early ciliogenesis is upstream of  Rab8a acti-
vation but that its putative role in cell shape maintenance is independent 
of  Rab8a function.
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Author summary
Ciliopathies are a group of  human disorders caused by dysfunction of  
ubiquitous organelles called primary cilia which are important for signal 
transduction. Photoreceptors (PRs) sense incoming light through the outer 
segment (OS), a specialized compartment that arises from a modified pri-
mary cilium. Thus, retinal degeneration is frequent in ciliopathies.
Mutations in the ciliopathy gene KIAA0586/TALPID3 cause Joubert syn-
drome and lethal ciliopathies. To elucidate the function of  TALPID3 in 
PRs, we studied talpid3 (ta3) mutant zebrafish, which undergo progressive 
retinal degeneration. The majority of  ta3-/- PRs do not form OSs due to 
a defect in the initial steps of  cilium formation. In a small subset of  PRs, 
persistence of  maternally-deposited Ta3 rescues this phenotype. However, 
progressive abnormalities in cell shape and OS maintenance occur even in 
these initially normal-appearing PRs, indicating that Ta3 plays additional 
roles beyond cilium formation. We further show that a constitutively active 
form of  the small GTPase Rab8 rescues the OS formation defect but not 
the subsequent cell shape defect. Together, our results indicate that Ta3 
plays a role upstream of  Rab8a activation in the initial steps of  cilium for-
mation and additional roles in ciliary function and cell shape maintenance 
that are independent of  Rab8.
Introduction
Ciliopathies are a group of  human disorders caused by primary cilium dys-
function and unified by a wide array of  overlapping phenotypes including 
central nervous system (CNS) malformations, kidney cysts or retinal degen-
eration (Badano et al., 2006; Goetz and Anderson, 2010; Hildebrandt et 
al., 2011). Primary cilia are ubiquitous organelles that consist of  a moth-
er centriole-derived basal body (BB), a microtubule-based axoneme and a 
specialized membrane that harbors proteins required for signal detection 
(Singla and Reiter, 2006). Indeed, the main function of  primary cilia lies in 
transduction of  a wide range of  extracellular signals, including important 
morphogens such as Hedgehog (Hh) (Goetz and Anderson, 2010) or envi-
ronmental stimuli such as light (Fliegauf  et al., 2007; Insinna and Besharse, 
2008). Light transduction is carried out by retinal photoreceptors (PRs), 
which are highly polarized sensory neurons with a synaptic terminal, a 
cell body, an inner segment (IS) and a modified primary cilium called the 
outer segment (OS) (Bloodgood, 1990; Kennedy and Malicki, 2009). The 
OS consists of  stacks of  membranous disks which are organized around 
a microtubule-based axoneme and which contain proteins required for 
phototransduction, such as the photopigment opsin (Khanna, 2015). The 
connecting cilium, equivalent to the transition zone in other primary cilia 
(Bloodgood, 1990), joins the OS with the IS. The OS is, like all cilia, de-
void of  protein synthesis machinery (Nachury et al., 2010; Khanna, 2015). 
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Thus, the specialized protein enrichment of  the OS membranes is enabled 
by polarized vesicle trafficking from the IS, which is in part regulated by 
the small GTPase Rab8 (Deretic et al., 1995; Nachury et al., 2007; Ward 
et al., 2011).
Trafficking to the ciliary compartment is coupled to cilium formation, since 
many proteins, including Rab8, are involved in both processes (Kobayashi 
and Dynlacht, 2011). Ciliogenesis occurs in quiescent cells, when the BB 
is released from its centrosomal spindle-forming role in cell division (Ishi-
kawa and Marshall, 2011). It is, therefore, a highly regulated process that 
involves centriolar satellite dispersion, centriole maturation, ciliary vesicle 
(CV) docking onto the BB, docking of  the whole structure to the plasma 
membrane and extension of  the nascent axoneme and membrane (Reiter 
et al., 2012). Rab8 has been shown to play a crucial role in the docking 
steps of  ciliogenesis (Kobayashi et al., 2014). 
KIAA0586, orthologue of  talpid3 (ta3), is a novel ciliopathy gene (Alby et al., 
2015; Bachmann-Gagescu et al., 2015c; Malicdan et al., 2015; Roosing et 
al., 2015; Stephen et al., 2015), thought to be involved in the early steps of  
ciliogenesis (Yin et al., 2009; Stephen et al., 2013). Mutations in KIAA0586 
lead to Joubert syndrome (JBTS) (Bachmann-Gagescu et al., 2015c; Roos-
ing et al., 2015), a canonical ciliopathy characterized by a pathognomonic 
hindbrain malformation (Doherty, 2009; Romani et al., 2013; Poretti et al., 
2014) and associated with variable retinal dystrophy and fibrocystic renal 
disease, among other typical ciliopathy phenotypes (Bachmann-Gagescu 
et al., 2015c; Bachmann-Gagescu et al., 2015a). More severe ciliopathies 
with fetal lethality such as hydrolethalus phenotype, consisting of  major hy-
drocephaly and brain malformations, and short-rib polydactyly, including 
skeletal dysplasia, have also been associated with causal KIAA0586 muta-
tions (Alby et al., 2015). 
The KIAA0586/TALPID3 (TA3) gene was originally identified in a spon-
taneous chicken mutant displaying phenotypes characteristic of  defective 
Hh signaling: craniofacial malformations, left-right asymmetry defects, 
polydactyly and neural tube mispatterning (Buxton et al., 2004; Davey et 
al., 2006). These Hh defects were subsequently shown to be secondary to 
a defect in ciliogenesis (Yin et al., 2009), since Hh cannot be transduced 
properly in the absence of  a functional primary cilium (Goetz and Ander-
son, 2010). Indeed, a crucial role for Ta3 in BB-migration and docking 
was identified in neural tube cells of  a Ta3 conditional knock-out mouse 
model (Bangs et al., 2011) and in ependymal cells in the chick mutant, in 
which newly generated BBs remain undocked in the cytoplasm (Stephen et 
al., 2013). Consistent with these findings, cell culture studies revealed that 
Ta3 localizes to a rim crowning both the mother and daughter centrioles in 
RPE1 cells, and that it plays an essential role in early ciliogenesis steps in-
cluding centriolar satellite dispersal, recruitment of  Rab8 and BB docking 
to the plasma membrane (Kobayashi et al., 2014). 
While the severe human phenotypes of  hydrolethalus and short-rib poly-
dactyly syndromes may be consistent with a severe ciliogenesis defect, the 
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mechanisms underlying the relatively milder phenotypes of  JBTS caused 
by KIAA0586/TA3 mutations are unlikely to be explained by complete 
absence of  cilia. In particular, the role of  TA3 in retinal photoreceptors 
remains unexplored. To address this question, we analyzed the retinal phe-
notypes of  zebrafish ta3 mutants, which display normal PR differentiation 
but progressive PR cell death. We found OS formation to follow an all-or-
nothing pattern in ta3-/- PRs, whereby the majority of  PR formed no OS 
at all, due to a defect in BB positioning, while a subset formed structurally 
normal OSs due to the presence of  maternally-deposited Ta3. However, 
even PRs with an initially normal-appearing OS progressively developed 
intracellular opsin accumulation, abnormalities in cell shape and polar-
ity and shortening of  the OS, indicating that Ta3 plays additional roles 
beyond BB docking in maintenance of  cell shape and/or ciliary-directed 
transport of  ciliary components. Finally, while we observed no substan-
tial defects in Rab8a recruitment, overexpression of  constitutively active 
Rab8a rescued OS formation but not cell shape abnormalities. Together, 
these results indicate that the role of  Ta3 in early ciliogenesis is upstream 
of  Rab8a activation but that its putative role in cell shape maintenance is 
independent of  Rab8a function.
Results
Normal PR differentiation followed by progressive degeneration 
in ta3 zebrafish mutants
Previously reported phenotypes of  zebrafish ta3 mutants include cystic kid-
neys in zygotic mutants and curved body shape, mild cyclopia and left-right 
asymmetry disruption in maternal-zygotic (mz) mutants (Ben et al., 2011). 
To investigate the role of  Ta3 in retinal photoreceptors (PRs), we studied 
these three previously generated ta3 alleles: i262, i263 and i264, each of  
which harbours a small indel leading to frameshifts in exon 11, encoding 
part of  the fourth coiled-coil domain (Ben et al., 2011). The phenotypes 
of  these three mutants were indistinguishable from each other and will 
be referred to hereafter as ta3-/- or ta3 mutants. Given that mz ta3 mu-
tants die at 4 days post fertilization (dpf), a stage at which PRs are still 
differentiating, we focused our analysis on zygotic mutants that live until 
12-14 dpf. Initial stages of  eye development up to 2 dpf  were unaffected 
in ta3 mutants, with normal retinal lamination (Fig. 1 A-F) and formation 
of  the PR cell layer. Differentiation into various specialized PR subtypes 
was unaffected, as seen with zpr1 (Fret43) antibody staining (Fig. 1 G-H’), 
to mark the cell bodies of  red-green cones (Zou et al., 2008) and with the 
tg(zfRH1-3.7B:EGFP) transgenic line that highlights rods (Hamaoka et al., 
2002) (Fig. 1 I-J’). At 3 dpf, a time point when the rod photoreceptors start 
to differentiate in a ventral patch of  the eye, the number of  RH1-3:EGFP 
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positive PRs was not significantly different compared to controls (Fig. 1 
I-J’, Fig. 1 K and Fig.  S1). At this stage however, PR cell death became 
apparent as seen with TUNEL assay (Fig. 1 L and Fig. S2). The extent of  
cell death was compared to that observed in the ciliary mutant oval, which 
harbours a nonsense mutation in the intraflagellar transport gene ift88 that 
causes substantial PR cell death (Tsujikawa and Malicki, 2004; Sukumaran 
and Perkins, 2009), leading to quasi-absence of  PRs in the central retina 
by 5 dpf. Compared to oval mutants, ta3 mutant retinae showed a similar 
extent of  PR cell death at 3 dpf, but less severe cell death at 4 dpf  (Fig. 1 
L and Fig. S2). Consequently, PRs were still present in the central retina at 
5 dpf  and beyond in ta3 mutants, despite a thinning of  the PR cell layer 
(Fig. 1 E-F’ and Fig. S3). Together, these data indicate that PRs differentiate 
normally in ta3 mutants but that moderate PR cell death occurs starting at 
3 dpf, leading to a reduction in the number of  PRs.
Figure 1: ta3 mutants show normal 
PR differentiation followed by pro-
gressive retinal degeneration 
(A-F) Retinal lamination is unaffected in 
ta3 mutants as seen on cryosections 
at 3-4-5 dpf stained with the lipophilic 
dye BODIPY (red) to mark cell mem-
branes and outer segments and DAPI 
(blue) to mark nuclei. Note the reduced 
number of PRs with OSs and the pro-
gressive cell shape changes in ta3 mu-
tants (B’-D’-F’) compared to wildtype 
(wt) (A’-C’-E’). (G-J’) Photoreceptors 
differentiate into specific subtypes: 
red-green cones marked by anti-zpr1 
staining (green in G-H) and rods mar-
ked by the tg(zfRH1-3.7B:EGFP) line 
(green in I-J). (K) Numbers of rods 
per single confocal section, quantified 
using the tg(zfRH1-3.7B:EGFP) line, 
are initially not significantly different be-
tween wt and ta3 mutants but decrea-
se in mutants over time. ****p<0.0001, 
Student’s t-test. (L) Progressive PR cell 
death is moderate in ta3 mutants com-
pared to ift88 mutants as seen with a 
TUNEL assay. Quantification was per-
formed on confocal stacks of identical 
thickness on stained cryosections. 
*p<0.05, ****p<0.0001, Student’s 
t-test. In (K) and (L) each data point 
represents the number of positive cells 
on a single section for one larva. Scale 
bars are 30 µm in A-F, 4 µm in A’-F’ 
and 20 µm in G-J’).
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Figure 2: Marked intracellular op-
sin mislocalization as a cause for 
PR cell death
(A-B) Marked intracellular opsin accu-
mulation on 4 dpf cryosections stained 
with 4D2 antibody (green) recognizing 
rhodopsin and red-green cone opsin 
on whole eye cryosections. Nuclei 
are counterstained with DAPI. (C-D’) 
Higher magnification image of the PR 
cell layer on wildtype (C) and ta3 mu-
tant (D) cryosections at 4 dpf stained 
with the 4D2 antibody (green in C-D 
and white in C’-D’) and with BODIPY 
(red in C-D) to highlight the outer seg-
ments (OS). Note the substantial intra-
cellular opsin accumulation in mutant 
PRs in D-D’. (E) Quantification of the 
intracellular fluorescence demonstra-
tes significantly increased levels in ta3 
mutants. Each data point represents 
the average intracellular fluorescence 
of approximately 20 PRs from one lar-
va; the fluorescence intensity is norma-
lized for area. **p=0.0046, Student’s 
t-test. Scale bars are 30 µm in A-B and 
4 µm in C-D’.
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Marked intracellular opsin mislocalization as a cause for PR cell 
death
PR cell death in ciliary mutants is thought to be caused by intracellular 
opsin accumulation, since activation of  the photopigment upon light ex-
posure in the cytoplasm exerts a toxic effect (Marszalek et al., 2000; Chin-
chore et al., 2009; Lopes et al., 2010). We therefore determined whether 
opsins accumulate intracellularly in ta3 mutant photoreceptors by immu-
nohistochemistry using antibodies against opsin (4D2 antibody recognizing 
rhodopsin and red-green cone opsin). We observed significant intracellular 
accumulation of  opsins in ta3-/- rods and cones at 4 dpf  (Fig. 2; quan-
tification of  fluorescence in the cell body Fig. 2 E; p=0.0046, Student’s 
t-test). This intracellular opsin accumulation was already visible at 3 dpf  
and persisted until 6 dpf, the latest stage analysed. Substantial variability 
was observed in the amount of  intracellular opsin accumulation even be-
tween PRs in the same retina, with some PRs demonstrating normal opsin 
localization to the OS, while strong signal was mainly detected in the cell 
body of  other PRs. Thus, the observed intracellular opsin accumulation 
may account at least in part for the observed PR cell death in ta3 mutants.
Loss of Ta3 leads to visual function loss
To assess the consequences of  intracellular opsin accumulation and PR cell 
death on visual function, we performed electroretinograms (ERG) at 6 dpf  
to determine the electrical response of  the retina to bright light stimuli. The 
ERG response was highly significantly decreased in ta3 mutants compared 
to wildtype (wt) even at the brightest light intensities (representative curves 
for wt and ta3-/- larvae in Fig. 3 A, quantification in Fig. 3 B; p<0.0001, 
Student’s t-test). Therefore, the observed retinal PR degeneration and op-
sin mislocalization are associated with strongly decreased visual sensitivity 
in ta3 mutant zebrafish.
Deficient outer segment development in ta3-/- larvae 
Mutations in cilia-related genes frequently lead to abnormal formation 
and/or function of  PR OSs given that these arise from highly specialized 
primary cilia (Kennedy and Malicki, 2009). At 3 dpf, the majority of  wild-
type (wt) PRs have started developing OSs as seen on cryosections stained 
with the lipophilic dye BODIPY which highlights the stacks of  membranes 
composing the OSs (Fig. 4 A). In ta3 mutants however, we observed a sig-
nificant reduction in the proportion of  PRs forming OSs compared to wt 
(Fig. 4 B; quantification in Fig. 4 C, p<0.01, Student’s t-test). These findings 
were confirmed with transmission electron microscopy (TEM), showing 
that the majority of  wt PRs had already elongated OSs at 3 dpf  (Fig. 4 D) 
and that those PRs that appeared to still lack OSs on cryosections had star-
ted the process of  membrane stacking (Fig. 4 D’). In contrast, no attempt 
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at OS formation with membrane stacking was observed in the majority of  
ta3-/- PRs (Fig. 4 E-E’). However, the OSs that did develop in ta3 mutants 
had normal morphology, as can be appreciated both on cryosections (Fig. 
4 B) and with TEM (Fig. 4 E-F’). The stacks of  membrane disks were regu-
larly organized and the basal body and connecting cilium indistinguishable 
from those seen in wt. Moreover, OS length was not significantly different 
between wt and ta3 mutants, as measured on 3 dpf  cryosections (Fig. 4 G). 
Together, these results indicate that OS development in ta3 mutants follows 
an “all or nothing” pattern: while the majority of  PRs do not develop any 
OSs, those that do develop appear morphologically normal initially.
Figure 3: Loss of Ta3 leads to vi-
sual function loss
(A) Representative electroretinogram 
(ERG) recordings of wildtype (WT, blue 
curve) and ta3 mutant (red curve) 6 dpf 
larvae exposed to light stimuli of 7000 
lux (bright light intensity). (B) Average 
b-wave peak responses for WT and 
ta3 mutants (n = 18 ta3 mutant ani-
mals and 10 WT animals). Bars repre-
sent standard deviation. ****p<0.0001, 
Student’s t-test.
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Abnormal BB localization and impaired docking in ta3-/- PR 
underlie the OS development defect
OS development requires docking of  the BB and extension of  the axone-
me before stacking of  membrane disks can occur (Pearring et al., 2013). 
Given the described role for Ta3 in ciliogenesis, we evaluated if  lack of  OS 
development in ta3-/- PR was due to impaired BB docking. Indeed, while 
BBs marked with anti-Centrin antibodies were observed almost exclusively 
apically to the mitochondrial cluster and just below the BODIPY-marked 
OSs in wildtype (wt) retinae (Fig. 5 A-A’ and 5 C), we observed a significant-
ly increased proportion of  PR with more basally located BBs in ta3 mutants 
(Fig. 5 B-B’, 5 D and quantification in 5 E; **** p<0.0001, Student’s t-test). 
BBs were seen below and sometimes within the mitochondrial cluster by 
TEM (Fig. 5 F-F’’), supporting a role for Ta3 in BB docking in retinal PRs 
and explaining the lack of  OS development in these PRs.
Figure 4: Deficient OS develop-
ment in ta3-/- larvae 
(A-B) 3 dpf cryosections stained with 
BODIPY to mark the OSs (red) and 
using the VDAC1 antibody to mark 
the mitochondrial cluster (green) show 
reduced numbers of OSs in ta3 mu-
tants (B) compared to wildtype (wt) (A). 
(C) Quantification of the proportion of 
PRs with extended OSs in wt (green 
circles) compared to ta3 mutants (red 
squares) shows significantly reduced 
PRs with OSs in mutants (**p<0.01, 
t-test). (D-F’) Transmission electron 
microscopy images of 4 dpf wt (D-D’) 
and ta3 mutant (E-F’) retinae. (D-D’) 
The majority of wt PRs have extended 
OSs (red bracket in D) or are starting to 
stack membranes to do so (red arrow 
in D’). Note the BB (arrowhead in D’) 
and the connecting cilium (white arrow 
in D’) in wt photoreceptors. (E-E’) In 
contrast, in ta3-/- PRs, only a minority 
of PRs have extended OSs (red brac-
ket in E), and no attempt at membrane 
stacking is observed in the other PRs 
(E’). (F) Note the normal appearan-
ce of the OSs that have extended in 
the mutants, including the structurally 
normal connecting cilium (arrow in F’) 
and basal body (arrowhead in F’). (G) 
Quantification of average OS length 
on cryosections (from A-B) shows no 
significant difference between 3 dpf wt 
and ta3 mutants (p=0.899, Student’s 
t-test).  Each data point represents a 
single larva. N nuclei, m mitochondria, 
OS outer segments. Scale bars are 4 
µm in A-B, 3 µm in D and E, 0.5 µm  in 
D’, 2 µm  in F, 1 µm in E’-F’.
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Maternal Ta3 contribution rescues OS development in a subset of 
PRs of zygotic ta3-/-
While the majority of  PRs in ta3-/- retinae lack OS, which can be explai-
ned by impaired ciliogenesis secondary to BB positioning defects, a minori-
ty of  PRs in these mutants do develop OSs that initially appear normal. We 
hypothesized that in these PRs, maternally-derived Ta3 might rescue the 
ciliogenesis defect and allow normal extension of  OSs. Indeed, mRNA and 
proteins from maternal origin, provided in the zebrafish egg, may persist 
and function several days into larval development. To test this hypothesis, 
we developed an antibody directed against the zebrafish Ta3 protein and 
co-stained cryosections with anti-Centrin antibody marking the BBs (Fig. 
6 A-B). In wildtype zebrafish, Ta3 was found to co-localize with Centrin 
in retina and brain on sections from 2 dpf  to 5 dpf  (latest stage analysed; 
Fig. 6 A-B and Fig. S4) as previously described in RPE1 cells. While endo-
genous Ta3 protein was detected in both mother and daughter centriole, 
as previously reported for an EGFP-Ta3 fusion protein in zebrafish (Ben 
et al., 2011), it appeared to be unequally distributed between them (Fig. 6 
Figure 5: Abnormal BB localization 
in ta3-/- PRs underlies the OS de-
velopment defect
(A-B) 4 dpf cryosections stained with 
BODIPY (red) to mark the membranes 
of the outer segment and mitochon-
drial cluster and with anti-Centrin anti-
body (green) to mark the basal bodies, 
show aberrant localization of BB below 
the mitochondria in ta3-/- PRs. In wil-
dtype (wt) PRs, the centrin-marked BB 
is located just basal to the OS and api-
cal to the mitochondrial cluster (arrow 
in A’), while this localization is lost in a 
substantial number of ta3 mutant PRs 
(arrow in B’). (C-D) Immunohistoche-
mistry on 4 dpf cryosections with an-
ti-VDAC1 antibody (red) to mark the 
mitochondria and anti-Centrin anti-
body to mark the BB showing aberrant 
basal positionings of BBs in ta3 mu-
tants (arrows in D) compared to wt (C). 
(E) Quantification of the proportion of 4 
dpf PRs with aberrant BB positioning 
based on immunohistochemistry with 
anti-Centrin antibody, reveals a statisti-
cally highly significant increase of abe-
rrantly positioned BBs in ta3 mutants 
(****p<0.0001, Student’s t-test). Each 
data point represents one larva. (F-F’’) 
TEM images of 5 dpf PRs showing 
presence of a BB in cross-section 
(arrow) within a mitochondrial cluster. 
(F’) is the boxed area in (F) and (F’’) is 
the boxed area in (F’). N nuclei, m mi-
tochondria, OS outer segments. Scale 
bars are 10 µm in A-B, 3 µm in A’-B’, 
4 µm in C-D, 3 µm in F, 1 µm in F’ and 
0.5 µm in F’’.
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A-B’’). Given the lack of  antibodies against mother centriole-specific pro-
teins in zebrafish, we cannot determine with certainty if  Ta3 staining is 
more pronounced at the mother or at the daughter centriole. However, the 
strong Ta3 staining observed at the base of  acetylated tubulin-marked axo-
nemes suggests that Ta3 is certainly abundant at the mother centriole (Fig. 
6 C-C’’). In ta3 mutants, staining using our anti-Ta3 antibody was strongly 
reduced at 2 dpf  in retina and brain, supporting specificity of  the antibody 
and indicating that most ta3-/- PRs lack Ta3 protein (Fig. S4). However, 
Figure 6: Maternal Ta3 contribution 
rescues OS development in a sub-
set of PRs of zygotic ta3-/-
(A-A’’) 2 dpf retinal cryosections stai-
ned with anti-Centrin to mark BBs 
(green) and anti-Ta3 show co-locali-
zation in wildtype (wt) larvae. Of note, 
while both mother and daughter cen-
trioles are stained with anti-Ta3 anti-
body, the staining appears to be asym-
metrically distributed. (B-B’’) 2 dpf 
cryosections of wt brain stained with 
anti-Centrin and anti-Ta3 shows similar 
asymmetric co-localization at the BBs. 
(C-C’’) Immunohistochemistry of 4 dpf 
retinal cryosections shows presence of 
Ta3 (red) at the base of ciliary axone-
mes stained with anti-acetylated tubu-
lin antibody in wt larvae. (D-D’’) While 
in ta3 mutant larvae, the Ta3 signal 
is mostly abolished, isolated BBs sti-
ll have positive Ta3 signal (arrow) and 
in those cases an acetylated-tubulin 
marked axoneme is visible. Scale bars 
are 3 µm in A-A’’, 6 µm in B-B’’, 4 µm 
in C-D’’ and 2 µm in the insets in C-D’’.
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we observed persistent Ta3 staining up to 4 dpf  in isolated mutant PRs and 
in these PR, extended axonemes were present as highlighted with anti-ace-
tylated Tubulin staining (Fig. 6 D-D’’). Together, these results indicate that 
Ta3 is located at both centrioles with likely predominance at the mother 
centriole in zebrafish PRs, and that isolated PRs of  zygotic mutants have 
maternally-derived Ta3, which rescues the ciliogenesis defects in these cells.
Opsin mislocalization and cell shape abnormalities in PRs with 
normally formed OSs support roles for Ta3 beyond BB docking 
The temporary rescue by maternally derived Ta3 in zebrafish PRs offers 
the unique opportunity to determine if  Ta3 plays additional roles in ci-
liary function beyond the initial BB docking step required for ciliogenesis. 
We therefore focused on ta3 mutant PRs that had extended an initially 
normal-looking OS at 3 dpf. In these PRs, we observed mislocalization of  
opsins in the cell body starting at 4 dpf, despite presence of  an elongated 
OS (Fig. 7 A-A’’), similar to our observation in PRs that lacked an OS. Even 
more strikingly, the cell shape of  these PRs became abnormal starting at 
4 dpf: instead of  the typical elongated shape of  PRs with clear apico-ba-
sal polarity as seen in wildtype PRs, ta3 mutant PRs took on a rounded 
morphology, with quasi-disappearance of  inner segment space, aberrant 
localization of  the mitochondrial cluster lateral to the now rounded nu-
cleus and progressive shortening of  the OS (Fig. 7 C-C’, 7 F and Fig. S5). 
To determine if  this phenotype was secondary to non-cell autonomous 
consequences such as loss of  tissue integrity, we compared the ta3 mutants 
with the ift88 mutant oval. Despite higher rates of  PR cell death in oval 
mutants than in ta3 mutants, ift88-/- PR remained more elongated in the 
apico-basal direction at the same stage as quantified by measuring the ratio 
of  nuclear width over height in immunostained sections of  wildtype and in 
the two mutants (Fig. 7 E). In addition, the loss of  elongated cell shape in 
ta3-/- PRs with OSs is already obvious at 4 dpf  (Fig. 7 C,F), a stage when 
PR cell death is less prominent in ta3 mutants than in ift88 mutants (Fig. 1 L 
and Fig. S1). Moreover, while OS length was initially normal at 3 dpf  (Fig. 
4 G), OSs progressively shorten subsequently, suggesting secondary defi-
ciencies in transport of  OS components to the ciliary base in addition to 
loss of  cell polarity and shape (Fig. S5). Together, our results support a role 
for Ta3 beyond the initial stages of  ciliogenesis, possibly in maintenance of  
cytoskeletal integrity and in ciliary-directed trafficking. 
Outer segment development is rescued by constitutively active 
Rab8a
Initial stages of  ciliogenesis require docking of  the ciliary vesicle onto the 
mother centriole, a process in part controlled by the small GTPase Rab8 
(Kobayashi et al., 2014). After docking of  the BB at the apical membra-
ne, ciliary membrane biogenesis depends on Rab8 as well (Nachury et al., 
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2007). To test whether loss of  Ta3 in PRs affects Rab8 localization, as 
described in RPE1 cells, we transiently expressed a mCherry-tagged ver-
sion of  Rab8a in rods (rhod:mCherry-Rab8a) and cones (TaCP:mCherry-Rab8a) 
(Bachmann-Gagescu et al., 2011). In wildtype PRs, punctate localization 
of  Rab8a was observed in the majority of  expressing PRs at 4 dpf  (Fig. S6). 
In ta3 mutants, the proportion of  PR with punctate expression was slightly 
reduced in rods and unaffected in cones, indicating that loss of  Ta3 has 
only a minor effect on Rab8a localization (Fig. 8 D and Fig. S6). Moreover, 
expression of  these transgenic Rab8 forms had no effect on the presence 
or absence of  OS in the expressing PRs (Fig. 8 C, green squares). However, 
when we transiently expressed a constitutively active form of  Rab8a, using 
the same promoter (TaCP:mCherry-Rab8aCA), we observed highly significant 
rescue of  OS development in the PRs expressing this transgene (quantifi-
cation in Fig. 8 C, p<0.0001, Student’s t-test). Indeed, the vast majority of  
expressing PRs now displayed a nicely elongated OS (Fig. 8 B-B’’). Interes-
tingly, the cell shape defect was not rescued in these PRs, which took on the 
same rounded appearance as ta3-/- PRs that developed OS independently 
of  Rab8aCA expression. Together, these results indicate that the role of  
Figure 7: Opsin mislocalization and 
cell shape abnormalities in PRs 
with normally formed OSs indicate 
roles for Ta3 beyond BB docking 
(A-A’’) 4 dpf retinal cryosections stai-
ned with BODIPY to highlight the OSs 
and with anti-opsin antibody (4D2) 
show intracellular accumulation of op-
sins also in PRs that have extended 
a normal-looking OS (arrow in A’ and 
star in A-A’’). (B-C’) Cell shape ab-
normalities, highlighted with phalloidin 
(green) to mark the actin cytoskeleton, 
become obvious at 4 dpf in ta3-/- PRs. 
While wildtype (wt) PRs display nuclei 
with clear apico-basally elongated cell 
shape, highlighted with DAPI (B’), the 
nuclei become rounded in ta3 mutant 
PRs (C’) even in the presence of de-
veloped OSs (marked by BODIPY). In 
comparison, nuclei remain oriented 
more apico-basally in ift88 mutants 
(D’), despite lack of any OS. (E) Quan-
tification of the nuclear width/nuclear 
height ratio (arrows in B’-D’) demons-
trating strongly significant aberration 
in nuclear cell shape in ta3 mutants 
compared to wt and to ift88 mutants. 
Each data point represents the ave-
rage of ratios for one larva. * p<0.05, 
*** p<0.001, **** p<0.0001, Student’s 
t-test. (F) TEM image of a 4 dpf ta3-/- 
PR displaying a strikingly abnormal cell 
shape with loss of inner segment com-
partment space and rounded nuclear 
shape (arrows) despite well-stacked 
membrane disks in the OS. Note in 
particular the aberrant position of the 
mitochondrial cluster that becomes 
more lateral to the nucleus instead of 
the normal apical position. Scale bars 
are 4 µm in A-A’’, 8 µm in B-D and 2 
µm in E. 
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Ta3 in early ciliogenesis is upstream of  Rab8a activation but that a putative 
role in cell shape maintenance is not dependent on Rab8a function.
Discussion
KIAA0586/TA3 mutations cause a wide range of  ciliopathies in humans, 
ranging from the milder Joubert syndrome (Bachmann-Gagescu et al., 
2015c; Malicdan et al., 2015; Roosing et al., 2015; Stephen et al., 2015), 
which courses with retinal dystrophy in a subset of  individuals, to syndro-
mes associated with fetal lethality such as hydrolethalus syndrome or short-
rib polydactyly (Alby et al., 2015). Our analysis using a zebrafish ta3 mu-
tant is the first model for Ta3-related retinal dystrophy, identifying a role 
for Ta3 in the development and function of  retinal PRs and providing an 
opportunity for exploring putative roles for Ta3 beyond the initial steps of  
ciliogenesis. Our findings confirm the previously ascribed function of  Ta3 
in BB positioning and docking (Yin et al., 2009; Bangs et al., 2011; Stephen 
et al., 2013) and indicate that this function is upstream of  Rab8a activa-
tion, since OS extension can be rescued by a constitutively active form of  
this small GTPase. 
While studies in RPE1 cells also indicated a role for Ta3 in ciliary locali-
Figure 8: OS development is res-
cued by constitutively active Ra-
b8a 
(A-B) Transient expression of a mChe-
rry-tagged, constitutively active form 
of Rab8a in cones (TaCP:mCherry-Ra-
b8aCA) in the stable transgenic line 
tg(TaCP:MCFP) in which all cone OSs 
are cyan at 4 dpf. In wildtype (wt)  PRs 
(A-A’’), this form of Rab8a accumulates 
in the inner segment and in the outer 
segment. In ta3 mutant PRs (B-B’’), 
a similar expression pattern is visible 
and the majority of expressing PRs 
display OSs with normal morphology. 
(C) Quantification of the proportion of 
PRs with extended OSs at 4 dpf in ta3 
mutants with expression of the consti-
tutively active form of Rab8a (red cir-
cles), expression of wt Rab8a (green 
squares) or without transgenic Rab8a 
expression (black triangles). Only the 
constitutively active form of Rab8a 
rescues OS formation in ta3 mutants 
(****p<0.0001, Student’s t-test). (D) 
Quantification of the proportion of PRs 
expressing a mCherry-tagged Rab8a 
construct in a punctate pattern in rods 
or cones in wt and ta3 mutants. Ra-
b8a localization was not significantly 
different between wt and mutant co-
nes and only marginally altered in ta3-
/- rods (*p<0.05, t-test).
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zation of  Rab8 (Kobayashi et al., 2014), we did not observe significantly 
altered Rab8 localization in zebrafish PRs. This inconsistency may be ex-
plained by differences in methodology: during cilium extension, which can 
be visualized as it proceeds in cultured cells after serum starvation, Rab8 
enters the ciliary compartment in control but not in siTa3 treated cells. 
In zebrafish larvae, cilium extension cannot be induced and thus followed 
dynamically and Rab8 is not seen within the ciliary compartment (OS) but 
only as puncta in the cytoplasm, which may represent a different aspect 
of  Rab8 function during ciliary maintenance as opposed to its function 
during initial ciliary extension.
Indeed, some proteins play important roles both in the initial formation of  
cilia and in subsequent ciliary maintenance and function  (Kobayashi and 
Dynlacht, 2011). The small GTPase Rab8 for instance is required for the 
initial steps of  ciliogenesis (Yoshimura et al., 2007; Westlake et al., 2011) 
but also for continuous transport of  ciliary cargo, predominantly opsins in 
PRs (Moritz et al., 2001; Wang et al., 2012; Pearring et al., 2013), essential 
for the function of  the OS. Likewise, Ta3 may play a role not only in the 
initial steps of  cilium formation but also in the long-term maintenance and 
function of  cilia. These additional roles could not be investigated previous-
ly, since disrupted ciliogenesis in Ta3-deficient mouse, chick or cell models 
precluded analysis of  further functions for this protein. The partial rescue 
of  OS formation in a subset of  PRs by persistent maternally-derived Ta3 
in zebrafish zygotic mutants has allowed us to adduce evidence for additio-
nal roles for Ta3 beyond BB docking. Indeed, the progressive deterioration 
of  initially normal appearing PRs indicates that Ta3 is also required for 
maintenance of  OSs, cell shape and polarity.
The observed progressive loss of  cell shape morphology, intracellular ac-
cumulation of  opsins and shortening of  OSs in initially normal appearing 
PRs are unlikely to be caused by non-specific causes, such as loss of  tissue 
integrity, for a number of  reasons. First, cell death in ta3-/- retinae is only 
moderate when compared to other ciliary mutants such as the ift88 mutant 
oval which displays massive loss of  PRs at 5 dpf. Nevertheless, loss of  the 
typical apico-basally elongated cell shape of  PRs is much more pronoun-
ced in ta3 mutants compared to ift88 mutants. Moreover, this cell shape 
loss is obvious even at early stages (4 dpf) in PRs that have extended an OS, 
when the PR cell layer is only little disrupted by cell death. Finally, we ob-
serve progressive intracellular polarity defects with displacement of  the mi-
tochondrial cluster next to the nucleus instead of  its normal apical position, 
suggesting a loss in cytoskeletal organization. In addition, the progressive 
shortening of  the initially normal OSs and the intracellular accumulation 
of  opsins in PRs with OSs suggest a defect in transport of  membranes and 
cargo towards the ciliary compartment. This could be secondary to loss 
of  cytoskeletal organization as transport of  opsin-carrier vesicles, which 
provide both the cargo and the membranes for the OS stacks, is thought to 
occur along microtubules (Tai et al., 1999; Lopes et al., 2010; Deretic and 
Wang, 2012). 
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Our findings are consistent with recent work which identified TA3 as an in-
teraction partner of  the microtubule actin crosslinking factor 1 (MACF1), 
whose deficiency leads to similar PR phenotypes in mouse retina as we ob-
serve in zebrafish (May-Simera et al., 2016). Indeed, mice lacking MACF1 
function display deficient ciliogenesis due to lack of  BB migration and doc-
king as well as defects in OS maintenance in adult PRs. Moreover, defects 
in PR cell polarity are observed, leading the authors to propose that TA3 
is involved in the coordination of  microtubule and actin interactions. A 
possible model (Fig. 9) supported by our findings would therefore propose 
that Ta3 plays a role as microtubule-organization center at the BB after it 
has docked to the apical membrane. Lack of  Ta3 function would thus lead 
to disorganization of  the microtubule network and secondary deficits in 
ciliary-directed transport along these microtubules. In an alternative mo-
del, Ta3 could also play a more direct role in ciliary-directed trafficking to 
explain the intracellular accumulation of  opsins and the progressive OS 
shortening. While we do observe some intracellular accumulation of  vesi-
cular structures on transmission electron microscopy, these do not appear 
to predominate, making this second hypothesis less likely.
Further work will be required to investigate these possible models and un-
Figure 9: Ta3 function in zebrafish 
photoreceptors
(A) In wildtype PRs, Ta3 localizes to 
mother and daughter centrioles (blue 
ring). The axoneme and OS have ex-
tended after Ta3 allowed docking 
of the BB. The microtubule network 
is oriented towards the BB and op-
sin-carrier vesicles (opsins in green), 
coated with Rab8 (red) move towards 
the OS to deliver their cargo and mem-
brane. (B) In the majority of PRs in zy-
gotic ta3 mutants, Ta3 loss-of-function 
leads to aberrant BB positioning and 
subsequent lack of OS formation. 
Opsins accumulate in the cytoplasm, 
microtubules are mis-oriented, the 
cells lose their elongated shape. (C) 
In a subset of PRs in ta3 zygotic mu-
tants, Ta3 function persists up to 4 dpf, 
allowing BB docking and extension of 
the axoneme and OS. However, as Ta3 
vanishes, the OS shortens, opsins ac-
cumulate in the cell body and the cell 
shape becomes abnormal with loss of 
cell polarity.
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ravel the additional functions for Ta3 beyond BB docking, which may be 
of  prime importance for understanding and treating human disease caused 
by mutations in KIAA0586/TA3.  Indeed, while a major ciliogenesis defect 
may underlie the more severe human ciliopathies caused by mutations in 
this gene, as suggested by analysis of  fibroblasts from one fetus with short 
rib-polydactyly which showed a severe reduction in the proportion of  cells 
extending cilia (Alby et al., 2015), the milder phenotypes of  Joubert syn-
drome may be caused by more subtle ciliary dysfunction, which may in 
turn be more amenable to specific therapies.
Material and methods
Zebrafish 
Zebrafish (Danio rerio) were maintained as described (Westerfield). The tal-
pid3 i262, i263, i264 mutants (referred to as ta3 mutant or ta3-/-) were previously 
described (Ben et al., 2011). The ift88tz288 oval mutant was previously de-
scribed (Bahadori et al., 2003; Tsujikawa and Malicki, 2004; Sukumaran 
and Perkins, 2009). The tg(zfRH1-3.7B:EGFP) line (Hamaoka et al., 2002), 
the tg(TaCP:MCFP) line (Lewis et al., 2010) and the tg(TaCP:mCherry-Rab8a) 
lines were previously described (Bachmann-Gagescu et al., 2011; Bach-
mann-Gagescu et al., 2015b). The tg(Rhod:mCherry-Rab8a) line was generat-
ed by Gateway® (Invitrogen) cloning using a 5’entry clone with the zebraf-
ish Rhodopsin promoter (gift from the Link lab) and a 3’ entry clone with 
Rab8a (Accession number NM_001089562.2). Site targeted mutagenesis 
using overlapping complementary primers was employed to generate the 
Q67L (CAG to CTG codon) point mutation leading to constitutively active 
Rab8a (Peranen et al., 1996; Moritz et al., 2001). The primer sequenc-
es used were (modified nucleotides are indicated in lower case): 5’-CCG-
CAATACGTTCAGTATG-3’ and 5’-CCGAAATCGTTCCaGTC-3’ to 
amplify from the 5’UTR to the mutation site, and 5’-CAGGACtGGAAC-
GATTTC-3’ and 5’-GAGAGATGGGATAAAAGAGG-3’ to amplify from 
the mutation site to the 3’UTR. cDNA obtained from whole zebrafish 
larvae at 5 dpf  was used as template. Gateway® (Invitrogen) recombina-
tion using the Tol2kit (Kwan et al., 2007) was performed to generate the 
TaCP:mCherry-Rab8aCA construct which was co-injected with Tol2 trans-
posase as previously described (Kawakami, 2007) into 1-cell stage offspring 
of  incrossed ta3+/- zebrafish.
Embryos were raised at 28°C in embryo medium and pigment develop-
ment was inhibited by phenylthiourea for immunohistochemistry as de-
scribed in Westerfield (Westerfield). All animal protocols were in compliance 
with internationally recognized guidelines for the use of  fish in biomedical 
research and experiments were approved by the local authorities (Veter-
inäramt Zürich TV4206).
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Immunohistochemistry and Light microscopy
Zebrafish larvae were fixed in 4% PFA overnight at 4°C, embedded in 
OCT and cryosectioned following standard protocols. For Ta3 antibody 
staining, zebrafish larvae were anesthesized with tricaine, washed unfixed 
in 30% sucrose for 30 minutes and embedded in OCT for cryosection-
ing. Sections were blocked using PBDT (PBS, 1% DMSO, 0.5% Triton 
X-100, 2mg/ml BSA) with 10% goat serum for 30 minutes at RT before 
incubation with primary antibodies overnight. Primary antibodies were 
mouse monoclonal anti-acetylated Tubulin (1:500, Sigma T6793), mouse 
anti-Centrin (1:200, clone 20H5 Millipore), mouse anti-Opsin 4D2 (1:100, 
gift from R. Molday, University of  British Columbia), zpr1 (1:100, ZIRC), 
VDAC1 (1:100 abcam, ab15895). Secondary antibodies were Alexa Fluor 
goat anti-rabbit or goat anti-mouse IgG (Life Technologies) used at 1:400. 
BODIPY® TR Methyl Ester (1:300, Invitrogen) was applied for 20 min-
utes and nuclei were counterstained with DAPI. Confocal imaging was 
performed on a Leica HCS LSI or a Leica SP5 microscope. 
Transmission electron microscopy
For Transmission Electron Microsopy, larvae were fixed overnight at 4°C 
in a freshly prepared mixture of  2.5% glutaraldehyde and 2% paraformal-
dehyde in 0.1 M sodium cacodylate buffer (pH 7.4). After rinsing in buffer, 
specimens were washed in 1% osmium tetroxide in 0.1 M sodium cacodyl-
ate buffer (pH 7.4), during 2 h at room temperature. After rinsing, tissues 
were dehydrated through a graded series of  ethanol ranging from 50% 
to 100% and embedded in Epon. Ultrathin sections (70 nm) comprising 
zebrafish eyes were obtained using a Leica Ultracut UCT ultramicrotome 
and collected on formvar coated grids and examined with a Philips CM-
100 scope. Images were acquired using the Gatan Microscopy Software.
Ta3 antibody generation
Custom polyclonal peptide antibodies were raised by Eurogentec (Seraing, 
Belgium) using their standard 87-day protocol. Rabbits were immunized 
with the Ta3 peptide H2N-CRR LSD DAF FGA DEK GED T-COOH2. 
Antibodies were affinity-purified against the corresponding peptide.
Electroretinography (ERG)
Normal (white) ERG was recorded on 6 dpf  larvae as previously described 
(Zang et al., 2015). Briefly, larvae were dark adapted for at least 30 min, the 
eye ball was isolated and placed in the middle of  the recording chamber 
which was filled with 1.5% agarose. The recording electrode was positioned 
against the central cornea while the reference electrode was inserted into 
the recording chamber and underneath the eye. Each larva was submitted 
The role of Talpid3 in cell shape manteinance 111
to three bright light stimuli (7000 lux) with an inter stimulus interval of  10 
seconds. The average of  the 3 responses was calculated. 
Quantifications and stats
Graphpad Prism software was used for statistical analysis and generation of  
plots. Unpaired t-test was applied for comparisons between groups. Data 
were pooled from at least 2-3 independent experiments. Fluorescence in-
tensity was measured in ImageJ and normalized for area. Cell counts were 
performed on single confocal sections or on stacks of  identical sizes. 
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Supplementary material
Figure S1: Time course of Rod PR development in ta3 mutants
Retinal cryosections of the transgenic line tg(zfRH1-3.7B:EGFP) marking rod photoreceptors (PRs) at 3dpf (A-B), 4dpf (C-D), 5dpf (E-F) 
and 6 dpf (G-H), in wildtype (A,C,E and G) and talpid3 mutant (B,D,F,H) zebrafish. Nuclei are counterstained with DAPI and membranes 
(including outer segments) are highlighted with BODIPY. Rod PRs are initially present in comparable numbers in mutants and wild-type 
but decrease in mutants as time progresses. Scale bars are 30 µm in all panels.
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Figure S2: PR cell death in ta3 mutant retinae
TUNEL staining on retinal cryosections at 3 dpf (A-C), 4 dpf (D-F), 5 dpf (G-H) and 6 dpf (I-J), in wildtype (A,D,G and I), talpid3 mutants 
(B, E, H and J) and ift88 mutants (C and F). Note the strong signal in ift88 mutants at 4 dpf and the comparatively lower amount of cell 
death in ta3 mutants at the same stage. Scale bars are 20 µm in all panels.
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Figure S3: Retinal morphology of 
ta3-/- larvae
(A-B) 6 dpf cryosections through wil-
dtype (A) and ta3-/- (B) retinae, where 
the membranes composing the outer 
segments (OS) are highlighted with 
the lipophilic dye BODIPY. (A’-B’) Hi-
gher magnification images of (A-B). 
Note the absence of OS in a subset 
of mutant photoreceptors (PRs) in (B), 
alongside PRs with still elongated OSs 
(arrow). Also note the gaps in the ou-
ter nuclear layer (arrowheads). (C-D) 
Technovit histological sections through 
eyes of wildtype (wt) and ta3-/- larvae. 
Gaps are visible in the mutants in the 
PR layer (arrowheads). Note how the 
retinal pigment covers any residual OS 
in the mutants. Scale bars are 20 µm 
in (A-B and C-D) and 10 µm in (A’-B’).
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Figure S4: Talpid3 protein is strongly decreased in 2 dpf retina
(A-B) Retinal cryosections on 2 dpf wildtype (A-A’’) and ta3-/- (B-B’’) larvae, stained with an antibody against Centrin to mark the basal 
bodies (green in A,B) and an antibody against Talpid3 (red in A,B). Note the loss of signal in the ta3-/- retina B’’). Scale bars are 4 µm in 
all panels.
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Figure S5: Progressive loss of photoreceptor cell shape in ta3 mutants visible on transmission electron microscopy (TEM)
TEM time course focusing on retinal photoreceptor (PR) cell morphology at 3 dpf (A, E), 4 dpf (B, F), 5 dpf (C,G) and 6 dpf (D-H) in wild-
type (A-D) and zygotic ta3 mutants (E-H). Note the normal elongated cell shape of ta3 PRs at 3 dpf (E) compared to wildtype (A), and the 
progressive collapse of the cell: at 4dpf the nucleus (N) is already rounded (F), at 5dpf the inner segment space becomes strongly reduced 
(G) and at 6 dpf, the mitochondrial cluster (m) is lateral to the nucleus (H) instead of being apical to it as in wildtype (D). Also note the pro-
gressive shortening of the outer segments (OS) from 3 to 6 dpf. The arrow points to the basal body in (A). Scale bars are 2 µm in all panels. 
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Figure S6: Punctate Rab8 localization is little affected in talpid3 mutant PRs
(A-B) Cryosections through wildtype (A) and ta3-/- (B) retinae expressing mCherry-tagged Rab8a under the control of the Rhodopsin 
promoter in rods. Note the punctate expression pattern in both wildtype and mutant PRs and the decreased number of expressing cells 
in mutants. Scale bars are 4 µm in (A-B). (C) Quantification of the number of PRs per analysed section expressing the transgene. Each 
datapoint represents one individual larva. ***p<0.001, Student’s t-test. (D) Quantification of the proportion of expressing PRs that display 
a punctate pattern (as opposed to a diffuse expression pattern). *p<0.05, NS not significant, Student’s t-test. 
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During my thesis, I have used the zebrafish and exploited its many advan-
tages in an attempt to identify the molecular mechanisms underlying the 
pathogenesis of  JBTS. Specifically, I have investigated the disease pathways 
associated with loss of  function of  two JBTS proteins localizing to distinct 
compartments within the cilium, the transition zone protein Cc2d2a and 
the basal body protein Talpid3. In the following paragraphs I will sum-
marize, integrate and discuss results from my studies and lay out possible 
future directions to continue the line of  investigations developed during my 
thesis.
The role of the TZ protein Cc2d2a in 
photoreceptor ciliary function
In Chapter 2, dedicated to the role of  Cc2d2a in zebrafish PRs, we have 
proposed a model whereby Cc2d2a provides a docking point for inco-
ming OCVs through its interaction with NINL (Bachmann-Gagescu et al., 
2015a) and controls the localization of  the t-SNAREs required for fusion, 
thereby bringing all components required for vesicle fusion in proximi-
ty with each other at the periciliary region. Although the mechanism by 
which SNAP25 mislocalizes in the absence of  Cc2d2a function remains 
unknown, we hypothesize that changes in the ciliary membrane lipid com-
position may be underlying this observation. Indeed, protein-lipid interac-
tions have been the focus of  intensive research in the past years and a 
number of  findings would support our hypothesis: 1) SNAP25 is inserted 
in the target membrane through palmitoylation; thus, its localization mi-
ght be influenced by the lipid composition of  the periciliary membrane 
(Loranger and Linder, 2002). 2) SNAREs are arranged around cholesterol 
and PIP
2
-rich membrane microdomains (Lang et al., 2001; Davletov et 
al., 2007; Balla et al., 2012). 3) OCV delivery was shown to depend on 
PIP
2
 recognition by FIP3 (Mazelova et al., 2009; Wang and Deretic, 2015). 
4) The Rab8 effector MICAL3 recognizes membrane-associated proteins 
bound to specific PIPs as the vesicle “landing site” (Lansbergen et al., 2006; 
Grigoriev et al., 2011). 5) Finally, the JBTS protein INPP5E, whose ciliary 
localization depends on the TZ (Garcia-Gonzalo et al., 2015; Slaats et al., 
2016), plays a crucial role in regulating ciliary PIP content.
To test this hypothesis, specific phosphoinositide-binding domains fused to 
fluorescent reporters can be expressed in zebrafish PRs following the same 
paradigm I have employed to express Rabs. Several such sensors have been 
tested already (Hammond and Balla, 2015). Furthermore, the phosphatid-
ylinositol 4-phosphate (PIP)-binding P4M domain of  the secreted effector 
protein SidM from the bacterial pathogen Legionella pneumophila (Hammond 
et al., 2014) and the phosphatidylinositol 4,5-bisphosphate (PIP
2
)-binding 
pleckstrin homology domain of  PLCδ1 (Stauffer et al., 1998) have been 
successfully used by J. Reiter’s group to determine the different lipidic do-
mains of  the ciliary membrane in IMCD3 cells and MEFs (Garcia-Gon-
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zalo et al., 2015). In wild-type conditions, restricted areas of  fluorescence 
with a clear border are expected to appear at the OS and at the periciliary 
membrane. Changes in this fluorescence pattern in cc2d2a-/- PRs would 
advocate for changes in the membrane composition.
A role for PIP composition in controlling the periciliary membrane loca-
lization of  vesicle fusion machinery components such as SNAP25 would 
further be supported if  targeted mutagenesis of  the JBTS ciliary phospha-
tase INPP5E (or of  PDE6δ which is required to transport INPP5E into the 
ciliary compartment) (Humbert et al., 2012; Fansa et al., 2016) would lead 
to a vesicle fusion defect in photoreceptors. Likewise, overexpression of  a 
ciliary targeted constitutively active PIP 5-kinase (Falkenburger et al., 2010) 
could similarly potentially phenocopy loss of  Cc2d2a function. 
Identification of  other protein or lipid interaction partners of  CC2D2A in 
addition to NINL would further clarify the mechanism by which this TZ 
protein exerts its function in wild-type and disease conditions. Likewise, 
identification of  other players involved in OCV docking and fusion would 
refine the model for Cc2d2a function in photorceptors that we propose. 
Most exocystosis processes are triggered upon the aperture of  Ca2+-chan-
nels and the subsequent local intracellular Ca2+ concentration increase 
(Barclay et al., 2005; Oheim et al., 2006). At the synapse, these channels 
are tightly coupled to the docking and fusion machinery of  synaptic vesi-
cles to ensure a rapid fusion reaction upon an action potential (Simms and 
Zamponi, 2014; Ehmann et al., 2015). It is likely that a similar mechanism 
operates for highly-demanding exocytic processes, such as OCV delivery, 
where an unidentified Ca2+-channel could be in close proximity to the fu-
sion machinery and its organizers. Besides, Cc2d2a, like other proteins 
in the TZ compartment, possesses a C2 domain that is predicted to bind 
to ceramide 1-phosphate and PIP
2
 phospholipids in a Ca2+-dependent/
reversible manner (Stahelin, 2009). Clustering of  missense mutations in 
the C2 domain in patients with JBTS supports an important functional 
role of  this particular protein domain of  CC2D2A (Bachmann-Gagescu 
et al., 2012). Does Ca2+ trigger a conformational change in Cc2d2a or 
other TZ proteins that promotes facilitator or gatekeeper functions? What 
L-type voltage-gated Ca2+-channel regulates OCV exocytosis? These ques-
tions could be addressed through different approaches: yeast two hybrid 
or tandem affinity purification may be useful approaches to identify the 
Ca2+-channel (should it exist) and other SNARE regulators associated with 
the binomial Syntaxin3/SNAP25 system. Zebrafish could be used to con-
firm the co-localization of  thereby identified interaction partners using im-
munohistochemical assays or reporter-fused protein overexpression both 
in wild-type and cc2d2a-/- backgrounds. The candidate partner proteins 
could be additionally knocked-down in a cc2d2a-/- background to address 
whether this modifies the cc2d2a-/- phenotype. Alternatively, knock-outs 
of  candidate interactors and comparison of  the resulting phenotypes with 
those of  the cc2d2a-/- mutant, and generation of  double mutant lines could 
provide valuable information on epistasis. Investigation of  the localization 
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of  Cc2d2a and other ciliary proteins in knock-outs for candidate interac-
tors would further determine a localization hierarchy. Dissecting the role of  
the CC2D2A C2 domain could be done by overexpression of  a truncated 
mutant protein version in a cc2d2a-/- background. However, based on my 
own experience trying to generate a stable transgenic line overexpressing 
GFP-Cc2d2a in zebrafish (see Appendix I), this last experiment may not 
be feasible in this model (possibly given the large size of  the Cc2d2a pro-
tein which made generation of  a stable transgenic line challenging). A cell 
culture approach, where the CRISPR/Cas9 system can be employed with 
ease to mutate the endogenous CC2D2A gene (Bauer et al., 2015), might be 
more successful.
The role of Rab8 in ciliary transport
In addition to investigating the role of  Cc2d2a in ciliary-directed traffic-
king in zebrafish, the stable transgenic lines expressing Rab8 paralogs in 
rods and cones have allowed me to address the recent controversy on the 
role of  the small GTPase Rab8 in opsin trafficking (Ying et al., 2016) by 
providing the first live characterization of  Rab8 movement in photorecep-
tors (PRs) in a whole tissue context. Our work supports a role for Rab8 
paralogs in rhodopsin transport based on co-localization of  transgenically 
tagged Rabs with opsins on vesicular structures using a cutting-edge co-
rrelative and light electron microscopy imaging technique (Mateos et al., 
2016). Furthermore, the movement pattern of  Rab8 particles with api-
co-basal directionality is consistent with the current model on the disposi-
tion of  the microtubule-based cytoskeleton network (Besharse et al., 2010); 
and occurs at a speed that is consistent with the ascribed dynein-dependent 
OCV transport (Howard, 2001). Thus, our work supports the proposed 
universal role for Rab8 in ciliary transport (Nachury et al., 2007; Westlake 
et al., 2011; Wang and Deretic, 2015) and we suggest that the discrepancy 
with the double rab11a;rab8a knock-out mouse model could be explained 
by a compensatory mechanism carried out by another RabGTPase expres-
sed at PRs, such as the closest paralogs Rab13 (this study), Rab10 (Babbey 
et al., 2010), Rab17 (Lim et al., 2011), Rab23 (Yoshimura et al., 2007; 
Boehlke et al., 2010) and/or Rab28 (Jensen et al., 2016). The authors of  
this double knock-out mouse model propose a species-specific difference 
governing the rhodopsin transport mechanisms in mammals compared to 
the general model proposed in frog (Wang and Deretic, 2015) based on 
the different PR morphologies (and assumed different transport needs). 
However, because of  the large body of  evidence involving Rab8 in ciliary 
trafficking in human cells and the fact that mutations in Rab8 effectors/
interactors have been linked to ciliopathy disease causality in humans and 
animal models (Omori et al., 2008; Fogelgren et al., 2011; Kobayashi and 
Dynlacht, 2011; Dixon-Salazar et al., 2012; Shaheen et al., 2013; Mar-
tin-Urdiroz et al., 2016; Seixas et al., 2016), it is difficult to believe a spe-
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cies-specific difference in mouse, especially when RabGTPase orthologue 
functions are evolutionarily conserved (Brighouse et al., 2010). Our results 
even support conserved Rab8 function in rods and cones, thus differences 
cannot be attributed to rod-dominant or cone-dominant retina types. 
The large number of  RabGTPase proteins in high eukaryotes (close to 70 
members in humans) has been proposed to obey the necessity of  increasing 
complexity of  cellular compartmentalization to facilitate separation of  ma-
jor biochemical processes and allow much finer control and sophistication 
of  cell function in evolution, especially after the acquisition of  multicellu-
larity (Brighouse et al., 2010). In that sense, the genetic expansion of  the 
RabGTPase superfamily follows subfunctionalization or neofunctionaliza-
tion of  the individual Rab genes that would have otherwise been lost from 
the genome (Rastogi and Liberles, 2005; Glasauer and Neuhauss, 2014). 
However, this concept is not excluding punctual or relative redundancy 
between subsets RabGTPases as previously shown in other studies (Sato 
et al., 2014) and our own study demonstrates redundancy between Rab8a 
and Rab8b-like in rhodopsin transport.
Because of  the overexpression nature of  our assays, the interpretation of  
our results must proceed with caution. Indeed, we cannot conclude if  Ra-
b8a, Rab8b-like, and by extension Rab8b, function in PRs at the same time 
under the same circumstances. It is possible that one of  the paralogs is so-
lely involved in rhodopsin transport function but their redundant capacity 
allows the other two to perform this task in case of  loss of  function of  the 
first one. mRNA and protein expression profiles would be required in PRs 
and other ciliated cell types to clarify the major Rab paralog functioning in 
ciliary transport and redundancy could be evaluated by full or conditional 
knock-out of  Rab paralogs and subsequent profiling of  the expression and 
localization of  other RabGTPases. The CRISPR-Cas9 system could be 
employed in zebrafish could to generate the Rab knock-outs and isolate 
different tissues for their mRNA and protein profiling.
Is the Rab8-mediated transport mechanism universally used in all cilia 
types? Rab10 was found to co-localize with the Exocyst at the ciliary base 
of  renal epithelial cells (Babbey et al., 2010), which would suggest otherwi-
se. This question can be addressed in zebrafish, as it displays a similar va-
riety of  cilia types as in humans. Furthermore, I have generated transge-
nic lines expressing Rab8a and Rab8b-like ubiquitously (see Appendix I). 
Using these lines, co-localization assays using antibody staining or transient 
heat-shock inducible expression of  reporter-fused specific cell-type ciliary 
cargoes (e.g.: Adenylyl cyclase III in olfactory pits, Polycystin1 in renal cells, 
possibly Patched1 in neurons) could be employed to determine the involve-
ment of  Rab8 in ciliary trafficking in other cells than photoreceptors. 
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The hidden roles of Talpid3 in photoreceptor cell 
shape maintenance
In 2015, mutations in the KIAA0586/TALPID3 gene were found to be cau-
sal for JBTS and other more severe ciliopathies in humans (Alby et al., 
2015; Bachmann-Gagescu et al., 2015b; Malicdan et al., 2015; Roosing et 
al., 2015; Stephen et al., 2015). Talpid3 (Ta3) had been previously shown 
to localize to the centrosome and to be necessary for ciliogenesis in chick 
and mouse models (Yin et al., 2009; Bangs et al., 2011). This role in cilio-
genesis is dependent on the interaction of  Ta3 with Rab8 during initial 
docking of  the ciliary vesicle (Kobayashi et al., 2014). Given the ascribed 
function of  Rab8 in ciliary trafficking (Nachury et al., 2007; Knodler et 
al., 2010; Westlake et al., 2011) confirmed for rhodopsin transport in PRs 
in our study, and the published interaction between Rab8 and Ta3, we 
hypothesized that zebrafish carrying mutations in ta3 would display defects 
in ciliary-directed trafficking in photorceptors similar to cc2d2a mutants, 
if  Ta3 played additional roles in ciliary function/maintenance beyond ci-
liogenesis. To test this hypothesis, we used a ta3 zygotic zebrafish mutant 
line (Ben et al., 2011), in which early embryos benefit from maternal con-
tribution of  wild-type Ta3 which rescues ciliogenesis and allows mutant 
embryos to undergo early developmental stages normally. However, when 
we characterized the phenotype in ta3-/- PRs, we observed very limited 
vesicle accumulation in a subset of  PRs, in contrast with the massive vesicle 
accumulation occurring in cc2d2a-/- PRs. This observation suggested little 
involvement for Talpid3 in vesicle trafficking towards the cilium.
However, besides confirming the previously ascribed function of  Ta3 in BB 
docking, we observed a very interesting and specific phenotype that could 
not be seen previously due to the fundamental role of  Ta3 in ciliogenesis: 
progressive loss of  cell shape morphology even in PRs that had extended 
OSs thanks to maternally-derived Ta3. This phenomenon is concomitant 
to intracellular polarity defects with displacement of  the mitochondrial 
cluster and nuclear collapse. Furthermore, there is progressive shortening 
of  the initially normal OSs and intracellular accumulation of  opsins in PRs 
with OSs. These findings are consistent with recent work that identified 
TA3 as an interaction partner of  the microtubule actin crosslinking factor 1 
(MACF1), whose deficiency leads to similar PR phenotypes in mouse reti-
na as those observed in ta3-/- zebrafish (May-Simera et al., 2016). Indeed, 
mice lacking MACF1 function display deficient ciliogenesis due to lack of  
BB migration and docking as well as defects in OS maintenance and de-
fects in cell polarity in adult PRs when MACF1 is inactivated after OS 
extension. The authors propose that TA3 is involved in the coordination 
of  microtubule and actin interactions, which is consistent with our findings 
and our proposed model.
The PR cell shape phenotype, which was previously unrecognized in ta3 
mutant models given, indeed suggests a cytoskeleton defect, which would 
be consistent with the role of  the centrosome, to which Ta3 loalizes, as 
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microtubule organization center (MTOC). The progressive shortening of  
the initially normal OSs suggests a defect in transport of  membranes and 
cargo towards the ciliary compartment, which could be secondary to loss 
of  cytoskeletal organization, since transport of  OCVs is thought to occur 
along microtubules (Tai et al., 1999; Lopes et al., 2010; Deretic and Wang, 
2012). The fact that we observe only limited vesicle accumulation in ta3-
/- photoreceptors, suggests that Ta3 does not play a direct or predominant 
role in ciliary-directed trafficking. A possible model  would postulate that 
the microtubule network is initially present and well-formed and in ze-
brafish ta3-/- photoreceptors is slowly deteriorating over time because of  
reduced tubulin polymerization dynamics, a role formerly tested for Ta3 
in cell culture (Yin et al., 2009). A number of  future experiments can be 
performed to test the involvement of  Ta3 in cytoskeleton formation and 
dynamics. Preliminary immunohistochemistry results with α-tubulin stai-
ning did not provide sufficient spatial resolution, despite use of  STED mi-
croscopy, to accurately follow the microtubule network in photoreceptor 
inner segments, in wild-type or mutant cells. To overcome this problem, the 
CLEM technique presented in this work could be employed on ta3-/- fish 
expressing tacp:EB3-GFP, a construct that I have generated (see Appendix 
I) which labels microtubule plus ends (Stepanova et al., 2003). This techni-
que could potentially shed light on the amount and disposition of  the mi-
crotubules in the cytoskeleton network of  the inner segment. Because the 
section thickness on CLEM may not be sufficient to clearly follow the mi-
crotubule lattice, another possibility would be to fully reconstruct and com-
pare the 3D microtubule network in wild-type and ta3-/- PRs by focused 
ion beam combined with transmission electron microscopy (FIB-TEM). 
To test whether the microtubule dynamics are impaired, I propose two 
possible approaches: live imaging of  microtubule re-polymerization using 
animals expressing the tacp:EB3-GFP transgene (either transiently or stably) 
after transient exposure to nocodazole to depolymerize microtubules.
Given the described interaction in mouse between TA3 and MACF1 
(May-Simera et al., 2016), which has a single orthologue annotated in the 
zebrafish genome, it would be interesting to analyze the expression pattern 
of  this gene and localization of  its protein product, should an antibody 
be available. If  macf1 mRNA is found in PRs, it could be tested by knock-
down or knock-out whether it can function as a modifier for the loss of  Ta3 
phenotype. Whether this is or is not the case, the interaction between the 
actin microfilament-based and the tubulin microtubule-based cytoskeleton 
is a consolidated fact, also in PRs (Besharse et al., 2010; Besharse and Bok, 
2011). Thus, it could also be worth testing if  the microtubule dynamics in 
ta3-/- PRs are affected by microfilament de-polymerization and recovery 
upon transient treatment with cytochalasin D.
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Genetic heterogeneity and phenotypic variability 
in ciliopathies
Ciliopathies arise from primary cilium dysfunction. Mutations in one ci-
liopathy gene can give rise to different clinical presentations and muta-
tions in multiple genes, whose protein product localizes in different ciliary 
compartments, thereby likely serving different functions, can lead to the 
same clinical phenotype (Badano et al., 2006). How is this even possible? 
How can mutations in CC2D2A and KIAA0586/TALPID3 (TA3) give rise to 
the well-defined JBTS cerebellar phenotype when their functions and their 
disease mechanisms seem so dissimilar? This paradox is still far from be-
ing solved, and exists for many genetic diseases with genetic heterogeneity 
and phenotypic variability. Phenotypic variability is a common problem in 
Mendelian genetics; therefore increasing our understanding in ciliopathies 
could potentially have a broader impact extended to genetics of  other rare 
disorders.
There are different explanations that can be used as a platform to approach 
this intricate question:
1. Different disease mechanisms lead to a common failed function. In 
other words, if  the same organelle is affected then the same readouts/
pathways will be involved. While this is an obvious statement, it does 
not explain the different phenotypic manifestations of  each ciliopathy 
(why do patients with defects in ciliary genes have different disorders?). 
2. There is a convergent mechanistic link common to all the disea-
se-causing genes involved in the same disease. This does not explain 
why the same gene can be involved in different clinical presentations. 
Then, genetic modifiers and nature of  the mutations would come into 
play (see the general introduction section for more information on the 
genotype-phenotype correlation of  ciliopathies).
3. In both cases, it is possible that the same gene has tissue-specific ro-
les, which would account for a common failed function or a convergent 
mechanistic link in one tissue type (i.e. the cerebellum in JBTS) and di-
fferent extracerebellar phenotypes. This hypothesis would be supported 
by a cc2d2a mutant mouse which displays ciliogenesis defects in neurons 
but not in MEFs (Garcia-Gonzalo et al., 2011).
Following the hypothesis of  a shared pathway affected by dysfunction of  
genes causing the same disorder, in the case of  the JBTS proteins CC2D2A 
and TA3, the common read-out could lie in impaired Shh signaling during 
brain development. This in turn would lead to hypoproliferation of  the 
cerebellar cells and defective axon guidance (Doherty, 2009; Romani et 
al., 2013; Guemez-Gamboa et al., 2014; Poretti et al., 2014) resulting the 
pathognomonic brain malformation, the MTS. In this case, reduced cilio-
genesis due to loss of  BB docking caused by loss of  TA3 function would 
result in a similar impairment of  Shh signaling as impaired Shh activa-
tor smoothened translocation in the ciliary membrane derived from loss 
of  CC2D2A function.  Consistent with this hypothesis, animal models for 
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both Cc2d2a and Ta3 loss of  function display neural tube mispatterning 
phenotypes, known to be governed by Shh (Garcia-Gonzalo et al., 2011). 
Having focused only the zebrafish retina, we have not investigated tis-
sue-specific fucntions for the studied JBTS genes. In the case of  cc2d2a, 
preliminary data suggest that ciliary transport of  adenylyl cyclase III in the 
olfactory cilia of  cc2d2a-/- zebrafish is unaffected. Tissue-specific functions 
in ciliary transport could be examined with the aforementioned ready-to-
use transgenic zebrafish lines: ubi:mCherry-rab8a and ubi:mCherry-rab8b-like 
(with bactin:centrin-GFP for the BB reference, see Appendix I). We have es-
tablished the conditions for the analysis of  live imaging time-lapse videos 
using ILASTIK, thus evaluating trafficking defects in cilia at the olfactory 
pits, kidneys, otic vesicles or brain tissue would be a matter of  optimizing 
the imaging conditions for each cell population. This analysis could be 
extended to any of  the JBTS gene zebrafish mutants where a trafficking 
defect is suspected. Given the presence of  kidney cysts in cc2d2a-/- fish, 
analyzing transport of  ciliary proteins to the cilium (such as polycystins), 
determining if  vesicle accumulation is present through TEM and iden-
tifying vesicle fusion machinery components could indicate whether the 
mechanisms we identified for Cc2d2a dysfunction in photoreceptors are at 
play in kidney tubule cells as well.
Could cc2d2a-/- and ta3-/- share a common mechanistic link (not only 
consequence) in a specific cell type? Besides the common Rab8 node, sha-
red by Ta3 to engage ciliogenesis and Cc2d2a to promote membrane and 
protein delivery in the ciliary compartment (and addressed in the previous 
paragraph), this is a scenario worth investigating. This could be performed 
through transcriptomic and proteomic approaches by comparison of  ei-
ther mutant with wild-type and with each other. Ideally, analyses should 
rely on comparisons of  specific tissues/cell-types, which could be obtained 
through manual dissections (whole eyes) or relying on transgenic lines fluo-
rescently marking specific cell types (i.e. tg(wtb1:GFP) marking renal tubular 
cells) and FACS sorting.
Despite the unifying molar tooth sign phenotype common to all patients 
diagnosed with JBTS, we have not seen a gross morphological hindbrain 
defect in the zebrafish larvae harboring homozygous mutations for the ge-
nes at question. Nonetheless, the phenotype could be much more subtle in 
the zebrafish compared to the human. A transgenic line available in the 
Neuhauss lab expressing an RFP reporter in Purkinje cells in the cerebe-
llum (tg(RFP-T:4xCa8:GCaMP5g)) (Matsui et al., 2014) could be crossed to 
our mutant lines to determine if  a cerebellar phenotype is present in either 
or both mutants. While brain phenotypes have been not reported per se in 
zebrafish ciliopathy mutants at larval stages, a recent publication by Gri-
mes and collaborators (Grimes et al., 2016) described defective motile cilia 
in brain ventricles and linked the resulting abnormal cerebrospinal fluid 
flow to curved bodies in adult zebrafish. Since our cc2d2a mutant adults 
present a similar body curvature, this warrants investigation of  the ependy-
mal cilia in this mutant through scanning electron microscopy. Unfortuna-
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tely, because of  the lethality of  ta3-/- fish, which die around 12 dpf, it is not 
possible to carry out this experiment on this mutant. Movement of  ependy-
mal cilia can also be evaluated through the movement of  fluorescent beads 
injected in the ventricular space at adult or larval stages.
These proposed experiments, which can be extended to other JBTS ze-
brafish mutants, will help to untangle the shared roles from the gene-spe-
cific and tissue-specific roles for each gene. Molecular dissection of  the 
divergent and convergent functions will be crucial for understanding the 
phenotypic variability of  JBTS and potentially other complex Mendelian 
disorders.
Concluding remarks and perspective
In this thesis, I have described different molecular mechanisms underlying 
the retinal phenotypes of  cc2d2a and ta3 mutant zebrafish and provided a 
new CLEM technique that, because of  its ease, can be used in the future to 
localize any protein of  interest at the ultrastuctural level, with better tissue 
conservation compared to immunogold. Furthermore, I have provided a 
useful toolkit to analyze ciliary trafficking in vivo, that can be applied to 
other cell types or mutants. 
Since the association of  primary cilia with disease in 2000, the ciliopathy 
field has been an ever expanding research field. However, while answers 
seem to be obtained in a linear fashion, the questions that these answers 
open increase in an exponential manner. Molecular dissection of  the di-
fferent components of  the cilium will lead us to unraveling the common 
mechanisms underlying JBTS as well as explaining the sources of  its phe-
notypical variability. This could impact our understanding of  other ge-
netically heterogeneous Mendelian disorders. With the future perspective 
exposed in the previous paragraphs and the inherent advantages that ze-
brafish possesses as a model to study ciliopathies, this small teleost provides 
a powerful tool and offers a great opportunity to research these mechanis-
ms in vivo. Furthermore, identifying the molecular mechanisms underlying 
dysfunction of  JBTS proteins will allow development of  chemical screens 
to reverse the phenotypes that are more amenable to treatment and identi-
fy therapeutic targets in the future.
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Appendix I. Transgenic lines and constructs
Additionally to the lines and constructs described in Chapters 1 and 3, I 
have generated a number of  transgenic lines and constructs that will be 
useful to perform future experiments proposed in Chapter 5. They are 
summarized in this appendix. 
Materials and methods
RT-PCR was performed using cDNA obtained from whole larvae at 5 dpf  
to generate Gateway® (Invitrogen) p3’ entry clones including the full len-
gth coding sequence for Rabin8 (also called Rab3IP, NM_001020581.2). 






Site targeted mutagenesis using overlapping complementary primers was 
employed to generate the T22N (ACC to AAC codon) point mutation lead-
ing to dominant Rab8a. The primer sequences used were (modified nucleo-
tides are indicated in lower case): 5’-GAAGCCAAGTCTATTGAAGG-3’ 
and 5’-TGAACAGCACACAGtTCTTC-3’ to amplify from the 5’UTR to 
the mutation site, and 5’-GGGAAGAaCTGTGTGCTG-3’ and 5’-GA-
GAGATGGGATAAAAGAGG-3’ to amplify from the mutation site to the 
3’UTR. cDNA obtained from whole zebrafish larvae at 5 dpf  was used as 
template. The mutant sequence was assembled using the following primers 





Gateway® (Invitrogen) recombination using the Tol2kit was performed to 
generate the constructs summarized in the table below. p5’ entry clones 
included the rod-specific rhodopsin promoter (gift from the Link lab), the 
cone-specific alpha-transducin promoter (tacp, (Lewis et al. 2010)) and the 
ubiquitously expressed ubiquitin promoter (ubi, Zon lab). mCherry or GFP 
middle-entry clones and the aforementioned p3’ entry clones as well as an-
other p3’ entry clone containing the zebrafish cc2d2a sequence (cloned by R. 
Bachmann-Gagescu) and p3’ Rab8a zebrafish sequence (NM_001089562; 
gift from Beales lab). The resulting constructs were co-injected with Tol2 
transposase mRNA as previously described (Kawakami 2007) into 1-cell 
stage embryos. Injected fish were raised and further generations (when ob-
tained) outcrossed to casper zebrafish for at least two generations.
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Results
The lines labeled with one asterisk (*) did not produce any positive F1 fish 
(>15 fish screened). The lines labeled with two asterisks (**) are viable and 
positive, but the imaging was not informative so far.
We aimed to have the platform to analyze Rab8-mediated trafficking 
(T22N dominant negative forms) in multiple cilia types (ubi-promoter) and 
extend the analysis of  Rab8-mediated trafficking to its activation cascade 
(co-expressing GFP-tagged Rab11 or Rabin8) in PR. However, only the 
ubiquitin-driven lines have proven useful within this collection and can be 
used in the future to study trafficking in other cell types in different ciliary 
mutants.
The rhod:GFP-cc2d2a construct had a dual purpose: 1) Specifically rescue 
the cc2d2a phenotype in PRs of  zebrafish mutants and 2) Provide a TZ 
reference marker. However, transiently injected animals have very few pos-
itive cells, which have strong cytoplasmic GFP expression. No F1 positive 
animals were obtained, likely due to the enhanced difficulty of  incorporat-
ing large DNA fragments.
Construct Injected Fish line Status
ubi:mCherry-rab8b-like Yes, by R. Bachmann-Gagescu Tg(ubi:mCherry-rab8b-like;bactin:GFP-centrin) Stable (F2)
rhod:GFP-rab11 Yes, by R. Bachmann-Gagescu Tg(rhod:mCherry-rab8a;rhod:GFP-rab11) Stable (F2)**
tacp:GFP-rab11 Yes, by R. Bachmann-Gagescu Tg(tacp:GFP-rab11) Stable (F1)**
ubi:mCherry-rab8a Yes Tg(ubi:mCherry-rab8a;bactin:GFP-centrin) Stable (F2)
ubi:mCherry-rab8a Yes Tg(ubi:mCherry-rab8a) Stable (F2)
rhod:mCherry-rab8aT22N Yes Tg(rhod:mCherry-rab8aT22N) Mosaic (F0)*
tacp:EB3-GFP Yes, by R. Bachmann-Gagescu
rhod:GFP-cc2d2a Yes Tg(rhod:GFP-cc2d2a;rhod:mCherry-rab8a) Mosaic (F0)*




Appendix II. List of Abbreviations
Abbreviated name Long name
ADPKD Autosomal dominant polycystic kidney disease
ALMS Alstrom syndrome
Arf4 ADP Ribosylation Factor 4
ARPKD Autosomal recessive polycystic kidney disease




BBS17 Bardet-Biedl syndrome protein 17
BODIPY Boron-dipyrromethene
Cas9 CRISPR associated protein 9
CC2D2A Coiled-coil C2 containing domain protein 2 A
CDK Cyclin dependent kinase
Cep290 Centrosomal Protein 290
Cep97 Centrosomal Protein 97
CFP Cyan fluorescent protein
CLEM Correlative light and electron microscopy
CNS Central nervous system
CP110 Centriolar Coiled-Coil Protein 110
CRISPR Clustered regularly interspaced short palindro-
mic repeats
C-ter Carboxy-terminus




dpf days post fertilization
ERG Electroretinogram
FIP3 RAB11 family interacting protein 3 
GAP GTPase activating protein
GDP Guanosine-5’-diphosphate
GEF Guanidine exchange factor





hpf hours post fertilization
hsp70 Heat-shock protein family A
IFT Intraflagellar Transport
IFT88 Intraflagellar transport protein 88
INPP5E Inositol Polyphosphate-5-Phosphatase E
IS Inner segment
JBTS Joubert syndrome
Kif24 Kinesin Family Member 24
LCA Leber congenital amaurosis
MACF1 Microtubule actin crosslinking factor 1
MICAL3 Microtubule associated monooxygenase, calpo-
nin and LIM domain containing protein 3
MKS Meckel-Gruber syndrome
MTOC Microtubule organization center






OMIM Online Mendelian Inheritance in Man
OS Outer segment







qRT-PCR Quantitative reverse transcription polymerase 
chain reaction
rhod Rhodopsin
RPE1 Human retinal pigmented epithelial cells
RT Room temperature
RTC Rhodopsin transport carrier (OCV synonymous)
SEM Scanning electron microscopy
Shh Sonic hedgehog
SNARE SNAP Soluble NSF Attachment Protein REcep-
tor
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TaCP Transducin alpha cone promoter
TALEN Transcription activator-like effector nuclease
TEM Transmission electron microscopy
t-SNARE target membrane SNARE
TUNEL Terminal deoxynucleotidyl transferase dUTP 
nick end labeling
TZ Transition zone
VAMP7 Vesicle associated membrane protein 7
VDAC1 Voltage dependent anion channel 1
v-SNARE vesicular membrane SNARE
Wnt Wingless type pathway
WT Wild-type
ZFN Zinc finger nuclease
ZIRC Zebrafish international resource center
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